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Abstract Cholesteryl ester transfer protein (CETP) is a
key protein involved in the reverse cholesterol transport
pathway. The regulation of CETP by dietary fats is not
clearly understood. Transgenic mice expressing human
CETP under the control of its natural flanking region were
fed low- or high-fat diets enriched in monounsaturated fatty
acids (MUFAs) or saturated fatty acids in the presence or
absence of cholesterol. Addition of cholesterol to the low-
fat MUFA diet increased CETP activity and mRNA expres-
sion, whereas addition of cholesterol to the high-fat MUFA
diet led to a decrease in CETP activity and mRNA expres-
sion. In SW 872 cells, oleic acid and cholesterol stimulated
CETP gene expression when given alone. However, addi-
tion of fatty acids along with cholesterol interfered with the
stimulatory effect of cholesterol on CETP gene regulation.
Cholesterol-mediated stimulation of CETP involves the tran-
scription factor liver X receptor 

 

�

 

 (LXR

 

�

 

). High-fat MUFA
diets inhibited the expression of LXR

 

�

 

, and addition of
cholesterol to the high-fat MUFA diet did not rescue LXR

 

�

 

expression.  Therefore, we present evidence for the first
time that inhibition of LXR

 

�

 

 expression by a high-fat
MUFA diet leads to inhibition of CETP stimulation by cho-
lesterol.

 

—Cheema, S. K., A. Agarwal-Mawal, C. M. Murray,
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Cholesteryl ester transfer protein (CETP) is considered
a key component in regulating cholesterol homeostasis as
it transfers cholesteryl esters from HDL to apolipoprotein
B-containing lipoproteins (1–4). Increased plasma CETP
levels result in low plasma HDL and high plasma LDL or
VLDL levels (5, 6). HDL plays a major role in reverse cho-
lesterol transport, a process that involves the movement of
cholesterol from peripheral cells to the liver for removal
from the body. Studies in transgenic mice, and in humans

 

with alterations in CETP levels, show that an absence of
CETP is associated with the disruption of cholesterol ef-
flux from cell membranes, of cholesterol esterification,
and of cholesteryl ester transfer to apolipoprotein B-con-
taining lipoproteins (1). These disruptions impair choles-
terol movement to the liver; thus, a high CETP activity
might be antiatherogenic as it removes excess cholesterol
from the arterial wall. On the other hand, CETP produces
VLDL particles that are cholesteryl ester-enriched and
decreases the level of antiatherogenic HDL cholesterol;
thus, CETP is considered proatherogenic (1–4). In hu-
mans, CETP deficiency is associated with high HDL levels
and a low prevalence of coronary heart disease (7, 8). The
absence of atherosclerosis in some of the first CETP-defi-
cient Japanese patients provided support for the initial hy-
pothesis that CETP is proatherogenic (7). Transgenic mice
expressing human (9) or simian (10) CETP exhibit a marked
reduction in HDL cholesterol, also suggesting that high
levels of CETP protein impart increased risk of coronary
artery disease.

Plasma CETP activity increases in response to high-fat,
high-cholesterol diets in hamsters (11), rabbits (12, 13),
monkeys (14–16), and humans (4) and also in transgenic
mice expressing human CETP (17, 18). The increase in
CETP activity in response to an atherogenic diet is associ-
ated with an increase in hepatic mRNA abundance (19),
which in CETP transgenic mice fully accounts for the in-
crease in CETP activity (17). Although dietary cholesterol
is likely to be the major factor contributing to an increase
in plasma CETP activity, synthetic diets that lead to in-
creased hypercholesterolemia, without the addition of cho-
lesterol, also result in a similar increase in plasma CETP
activity (20). There are very few reports available to show
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PPAR, peroxisome proliferator-activated receptor; PPRE, peroxisome
proliferator response element; RXR, retinoid X receptor; SFA, saturated
fatty acid.
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the effect of dietary fats on CETP regulation (16, 18, 20–24).
Although saturated fatty acids (SFAs) have been consistently
shown to increase CETP, the effects observed with unsatu-
rated fatty acids are variable. Reports indicate that monoun-
saturated fatty acids (MUFAs) decrease (20, 21, 23), have no
effect (18), or increase (15, 24) plasma CETP activity. These
different findings might be attributable to variations in the
design of the diets, in which the amount of fat and the pres-
ence or absence of cholesterol in the diet was overlooked.

We have shown previously that dietary fats modify the
regulation of cholesterol 7-

 

�

 

 hydroxylase (cyp7) by dietary
cholesterol (25). The regulation of cyp7 is similar to that
of CETP in that both genes are induced by dietary choles-
terol (17, 26). Cholesterol-mediated induction involves the
binding of liver X receptor 

 

�

 

/retinoid X receptor (LXR

 

�

 

/
RXR) to the proximal promoter region of both cyp7 (27)
and CETP (28) genes. Fatty acid-mediated induction of the
cyp7 gene involves peroxisome proliferator-activated re-
ceptor 

 

�

 

 (PPAR

 

�

 

)/RXR, and the peroxisome proliferator
response element (PPRE) site is embedded within the
LXR

 

�

 

/RXR binding site (29). On the other hand, the
regulation of CETP by dietary fats is not clear. It is also not
known whether fatty acids interfere with the cholesterol-
mediated induction of CETP.

In this study, we investigated the regulation of CETP in
transgenic mice expressing the human CETP gene under
the control of its natural flanking region (CETP-TG mice)
by the quantity and quality of dietary fats in the absence or
presence of dietary cholesterol. We further investigated
whether the quantity and quality of dietary fats alter the
expression of LXR

 

�

 

, which in turn might modulate the
regulatory potential of cholesterol on CETP expression. We
established that a high-fat diet enriched in MUFAs inhib-
ited LXR

 

�

 

 expression and that addition of cholesterol to
this diet did not rescue the expression of LXR

 

�

 

. We fur-
ther established that cholesterol added to a high-fat diet
enriched in MUFAs suppressed CETP gene expression.
Therefore, this study reports for the first time that the
quantity and quality of dietary fats inhibit the expression
of LXR

 

�

 

, which is responsible for the decreased stimula-
tion of CETP by dietary cholesterol, when given along with
high-fat MUFAs. The possibility of regulation of CETP ac-
tivity by the cross-talk between PPAR

 

�

 

 and LXR

 

�

 

 is dis-
cussed.

MATERIALS AND METHODS

 

Animals and diets

 

Transgenic mice expressing human CETP under the control
of its natural flanking region (3.4 kb) were obtained from Dr.
Alan Tall (Columbia University, New York) (17). C57BL6/J female
mice were purchased from Jackson Laboratories (Bar Harbor,
ME). The transgenic mice were crossbred with C57BL6/J mice
to obtain heterozygotes (30). Animals were housed in a tempera-
ture-controlled (25

 

�

 

C) and humidity-controlled room with a 12 h
light/dark cycle. Animals were given rodent chow diet and water
for ad libitum consumption during the entire period. Eight week
old CETP-TG mice were fed a semipurified diet (custom-made
basal mix without fat; ICN Biomedicals, Inc., Quebec, Canada)

containing either low fat (5%, w/w) or high fat (20%, w/w) from
olive oil (enriched in 18:1; a MUFA diet) or beef tallow (en-
riched in 18:0; a SFA diet) in the presence or absence of 1% cho-
lesterol. Fatty acid analysis of the diets showed that the MUFA
diet contains 63% (w/w) 18:1, whereas the SFA diet contains
52% (w/w) 18:0. The animals were fed the specified diets for 2
weeks. Body weight was determined at the beginning and end of
the diet study. Food was replenished every other day, and food
consumption was recorded. At the end of the diet study, food was
withdrawn from all groups 12 h before euthanasia. Mice were eu-
thanized, and blood was collected by cardiac puncture in tubes
containing EDTA. Livers were removed, weighed, and quick-fro-
zen in liquid nitrogen. Liver samples were stored at 

 

�

 

70

 

�

 

C until
further use. All procedures were in accordance with the princi-
ples and guidelines of the Canadian Council on Animal Care
and the Principles of Laboratory Animal Care (National Insti-
tutes of Health) and were approved by the Memorial University
of Newfoundland Animal Welfare Committee.

 

Plasma and hepatic lipid analyses

 

Fasting blood was collected via cardiac puncture in a syringe
containing 1 g EDTA/l, and plasma was separated. Lipids were
extracted from liver samples as described previously (31). Plasma
and liver lipid samples were assayed for total cholesterol using
enzymatic methods (kit 352; Sigma-Aldrich, St. Louis, MO), and
triacylglycerol levels were assayed using kit 339 (Sigma-Aldrich).
The plasma HDL-cholesterol concentration was determined
after precipitating 

 

�

 

-lipoproteins with phosphotungstate and
measuring cholesterol concentration in the supernatant by enzy-
matic methods (kit 352; Sigma-Aldrich). The plasma LDL-cho-
lesterol concentration was calculated from plasma total choles-
terol, HDL-cholesterol, and triacylglycerol concentrations (32).

 

CETP activity, mass, and mRNA levels

 

Plasma CETP activity was assayed using a commercial CETP
activity assay kit (Roar Biomedical Research, Inc., Columbia Uni-
versity) to identify transgenic mice expressing human CETP at 5
and 8 weeks of age. Cholesteryl ester transfer activity assays for all
other experiments were performed using the radioisotope assay
as described previously with modifications (30). The percentage
transfer of radioactivity from HDL to LDL in a control sample
was subtracted from that in the test samples, and the values for
CETP activity were expressed as percentage cholesteryl ester
transfer per hour.

CETP mass in plasma samples was quantitatively assayed using
the CETP ELISA DAIICHI kit (Daiichi Pure Chemicals Co.) as
described previously (30). Concentrations of the samples were
calculated using a standard curve developed using a CETP stock
solution of known concentration.

To detect changes in CETP mRNA abundance, total RNA
from mouse livers was purified according to standard procedures
(33). Hepatic CETP mRNA levels were determined by reverse
transcription and in vitro DNA amplification (30). The amount
of CETP mRNA was normalized to 

 

�

 

-actin mRNA content and
expressed as arbitrary units.

 

Cloning of the human CETP gene 5

 

�

 

 regulatory region, 
and chimeric gene construction

 

Chimeric gene constructs, harboring serial deletions of the
human CETP gene 5

 

�

 

 regulatory region linked to chlorampheni-
col acetyl transferase (CAT) as a reporter, were designed (34) us-
ing the published sequence of the human CETP gene (GenBank
accession numbers U71187 and M32992). A 1,520 bp PCR frag-
ment containing 360 bp of the 5

 

�

 

 regulatory region, exon 1, in-
tron 1, and exon 2 was generated in which the 

 

Hind

 

III site was
inserted in exon 1. The PCR product was digested with 

 

Hind

 

III,
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and the resulting fragment containing 300 bp of the CETP gene
5

 

�

 

 regulatory region was linked to CAT in pCAT.Basic vector
(Promega) and designated 300CETP.CAT. Fragment 138CETP.CAT
was constructed by digesting 300CETP.CAT with 

 

Xba

 

I. For the
longer CETP gene 5

 

�

 

 regulatory region, the 1,520 bp PCR frag-
ment was used to screen a human chromosome 16 genomic li-
brary. An 

 

Xba

 

I-

 

Xba

 

I fragment containing sequences from 

 

�

 

3,420
to 

 

�

 

138 was obtained and cloned into 138CETP.CAT to generate
3400CETP.CAT. 3400CETP.CAT was digested with 

 

Kpn

 

I to
generate 570CETP.CAT (

 

Fig. 1

 

). The sequences of all cloned
CETP fragments were confirmed, and restriction mapping of
3400CETP.CAT, 570CETP.CAT, and 138CETP.CAT chimeric gene
constructs was performed to confirm the identity of the plas-
mids.

 

Cell culture and transfections

 

SW 872 cells (human liposarcoma cells) were purchased from
the American Tissue Culture Collection (Manassas, VA). The
cells were standardized to grow in a humidified atmosphere of
5% CO

 

2

 

/95% air in DMEM/F12 (3:1), 5% FBS, 10 mM HEPES,
and 50 

 

�

 

g/ml gentamycin at 37

 

�

 

C according to previously pub-
lished methods (35). When cells reached 70% confluence, they
were differentiated as described below. Briefly, medium was re-
moved and replaced by DMEM/F12 (3:1), 10 mM HEPES, 50

 

�

 

g/ml gentamycin, 100 

 

�

 

g/ml oleic acid complexed to fatty
acid-free BSA, 1 

 

�

 

g/ml insulin, and 1 

 

�

 

g/ml transferrin for 24 h.
After 24 h, cells were washed with PBS (0.14 M NaCl, 2.7 mM
KCl, 4.3 mM Na

 

2

 

HPO

 

4

 

.7H

 

2

 

O, and 1.5 mM KH

 

2

 

PO

 

4

 

, pH 7.4)
and fresh regular growth medium (without serum) containing
DMEM/F12 (3:1), 10 mM HEPES, and 50 

 

�

 

g/ml gentamycin
was added. Cells were grown under these conditions for 24 h be-
fore transfection.

To investigate the effect of fatty acids and cholesterol on CETP
gene regulation, the CETP chimeric gene constructs (138CETP.CAT,
570CETP.CAT, and 3400CETP.CAT) were transfected into SW
872 cells according to the CaPO

 

4

 

 transfection method (29). The
total amount of plasmid DNA was kept constant by adding soni-
cated salmon sperm DNA. The cells were cotransfected with

 

�

 

-galactosidase to control for transfection efficiency. Regular
growth medium containing delipidated serum (2.5% FBS) was
added to the transfected cells. Oleic acid (a monounsaturated
fatty acid; 18:1) was complexed to fatty acid free-BSA (29), and
25-OH cholesterol (Sigma-Aldrich) was dissolved in DMSO

(Sigma-Aldrich) and added to the transfected cells (50 

 

�

 

M for
fatty acids and 4 

 

�

 

g/ml for 25-OH cholesterol). Control cells re-
ceived the vehicle alone. After 24 h, cells were washed twice with
PBS, replenished with regular growth medium containing delipi-
dated serum (5% FBS), oleic acid, or 25-OH cholesterol for an
additional 24 h. Cells were harvested, and the cell pellet was sus-
pended in 250 mM Tris-HCl, pH 8.0, and freeze/thawed six
times. Cell lysates were centrifuged at 9,000 

 

g

 

 for 20 min at 4

 

�

 

C.
The supernatant was assayed for CAT activity and 

 

�

 

-galactosidase
activity (29).

 

Western blotting

 

To perform Western blot analysis, liver extracts were prepared
from frozen liver samples (n 

 

�

 

 8 on each diet) as follows. Briefly,
300 mg of liver tissue was homogenized in 1 ml of homogeniza-
tion buffer containing 62.5 mM Tris, pH 6.8, 2% SDS, 10% glyc-
erol, and 50 mM DTT at 4

 

�

 

C. Samples were sonicated for 30 s
and centrifuged at 9,000 

 

g

 

 for 20 min at 4

 

�

 

C. Supernatant was
collected, and the protein was estimated by the method of Lowry
et al. (36). Samples containing 50 

 

�

 

g of protein were subjected
to sodium dodecyl sulfate-10% polyacrylamide gel electrophore-
sis. Protein fractions on the gel were transferred to nitrocellulose
membranes. For the detection of LXR

 

�

 

 and PPAR

 

�

 

, the mem-
branes were incubated overnight at 4

 

�

 

C with a 1:500 dilution
of polyclonal goat anti-LXR

 

�

 

 and goat anti-PPAR

 

�

 

 antibodies
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) dissolved in
Tris-buffered saline containing 0.05% Tween 20 and 5% skim
milk. The membranes were then washed with 1

 

�

 

 Tris-buffered
saline containing 0.05% Tween 20 and incubated with a 1:5,000
dilution of the peroxidase-labeled anti-goat secondary antibodies
(Santa Cruz Biotechnology) for 2 h at room temperature. Pro-
tein bands in the membranes were visualized by enhanced chemi-
luminescence (Santa Cruz Biotechnology). The Western blots for
each sample were repeated at least five times.

 

Statistical analysis

 

The data from the mouse experiments were analyzed using
three-way ANOVA and a Tukey’s post hoc test. The differences
between groups were considered significant at 

 

P 

 

	

 

 0.05 (37).
Where indicated, values without common letters are significantly
different.

 

RESULTS

 

Food intake and body weight change

 

CETP-TG mice were fed low-fat (5%) or high-fat (20%)
diets containing either olive oil (enriched in 18:1; MUFA)
or beef tallow (enriched in 18:0; SFA) with or without cho-
lesterol. There was no change in body weight or food in-
take over the treatment period. The average body weight
at the end of the treatment, under various dietary condi-
tions, was 24 g, and the average food intake was 2.6 g/day.

 

Effect of dietary fats and cholesterol on plasma
lipid levels

 

To evaluate the effect of variation in quantity and qual-
ity of dietary fats and cholesterol on plasma lipid levels, to-
tal, LDL-, and HDL-cholesterol as well as triacylglycerol
concentrations were measured in plasma and are given in

 

Table 1

 

. Feeding a high-fat diet enriched in MUFAs or
SFAs had no significant effect on plasma total cholesterol
concentrations compared with feeding a low-fat MUFA or

Fig. 1. Structure of the human cholesteryl ester transfer protein
(CETP). The chloramphenicol acetyl transferase (CAT) gene chi-
meras 3400CETP.CAT, 570CETP, and 138CETP.CAT contain 3.4 kb,
570 bp, and 138 bp, respectively, of the CETP gene 5� regulatory re-
gion linked to CAT as a reporter. White boxes represent the human
CETP gene promoter; hatched boxes represent the CAT structural
gene sequence; gray boxes represent the SV40 region. X represents
the digestion site for XbaI, K represents the digestion site for KpnI,
and H represents the digestion site for HindIII.
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SFA diet. Addition of cholesterol to the low- or high-fat
MUFA and SFA diets also showed no significant effect on
plasma total cholesterol concentrations compared with
mice fed the MUFA or SFA diets alone. Plasma cholesterol
concentrations were lower in mice fed the low-fat SFA di-
ets with or without added cholesterol compared with mice
fed the low- or high-fat MUFA diets.

LDL-cholesterol concentrations did not differ between
mice fed the low- or high-fat MUFA diets. Addition of cho-
lesterol to the low-fat MUFA diet significantly increased
plasma LDL-cholesterol concentrations (

 

�

 

1.30-fold; 

 

P

 

 

 




 

0.02), whereas, at high-fat levels, no significant effect of
addition of cholesterol was seen. Mice fed the SFA diets
did not show changes in LDL-cholesterol levels between
the low- and high-fat diets. However, addition of choles-
terol to both low- and high-fat SFA diets significantly in-
creased LDL-cholesterol levels. LDL-cholesterol levels were
lower in mice fed all types of SFA diets compared with the
MUFA diets.

HDL-cholesterol concentrations were lower in mice fed
the high-fat MUFA diets with or without cholesterol com-
pared with mice fed the low-fat MUFA diets. Addition of
cholesterol to the low-fat MUFA diet decreased the HDL-
cholesterol concentrations, whereas addition of choles-
terol to the high-fat MUFA diet had no effect. HDL-cho-
lesterol concentrations were lower in mice fed the high-fat
SFA diet with or without cholesterol compared with mice
fed the low-fat SFA diets. HDL-cholesterol concentrations
were lower in high-fat SFA-fed mice compared with low-
and high-fat MUFA-fed mice with and without added di-
etary cholesterol.

There was no significant effect of low- or high-fat MUFA
diets or addition of dietary cholesterol to the MUFA diets
(low or high fat) on plasma total triacylglycerol concentra-
tions. A significant increase in total triacylglycerol levels
was seen when mice were fed high-fat SFA diets compared
with the mice fed low-fat SFA diets. Addition of choles-
terol to the low-fat SFA diets increased total triacylglycerol
levels significantly, whereas it had no significant effect on
total triacylglycerol levels in mice fed the high-fat SFA di-
ets. Total triacylglycerol levels were 2- to 3-fold higher in
mice fed all types of SFA diets compared with MUFA diets.

 

Effect of dietary fat and cholesterol on hepatic lipid levels

 

Changes in hepatic lipid levels of CETP-TG mice fed di-
ets enriched in MUFAs or SFAs, with or without dietary
cholesterol, are given in 

 

Table 2

 

. There was no significant
difference in hepatic total cholesterol concentrations be-
tween CETP-TG mice fed low- or high-fat MUFA diets or
low- or high-fat SFA diets. Addition of cholesterol to both
low- and high-fat MUFA and SFA diets significantly in-
creased hepatic total cholesterol concentrations (

 

�

 

2- to
3-fold increase; 

 

P 

 




 

 0.006), indicating that dietary choles-
terol is delivered to the liver. There was an 

 

�

 

2-fold in-
crease in hepatic total cholesterol when mice were fed
SFA diets compared with MUFA diets (low and high fat,
with and without cholesterol).

Hepatic total triacylglycerol concentrations of mice fed
high-fat MUFA diets were significantly higher compared
with those in mice fed low-fat MUFA diets. Addition of
cholesterol to both low- and high-fat MUFA diets caused a
significant increase in hepatic total triacylglycerol concen-
trations (

 

�

 

2-fold increase; 

 

P 

 




 

 0.007). Total triacylglyc-
erol levels did not differ between mice fed the low- or
high-fat SFA diet, with or without cholesterol. Moreover,
hepatic total triacylglycerol levels were 3.5-fold lower in
mice fed the low-fat SFA diets compared with mice fed the

 

TABLE 1. Plasma lipid levels of CETP-TG mice fed various diets

 

Fat Level Diet Total Cholesterol LDL-Cholesterol HDL-Cholesterol Total Triacylglycerol 

 

mmol/l

 

5% MUFA 1.73 

 

�

 

 0.13 b 0.70 

 

�

 

 0.09 a 1.06 

 

�

 

 0.13 a 0.17 

 

�

 

 0.07 a
MUFA 

 

�

 

 cholesterol 1.87 

 

�

 

 0.21 b 0.98 

 

�

 

 0.10 b 0.87 

 

�

 

 0.11 b 0.19 

 

�

 

 0.05 a
20% MUFA 1.75 

 

�

 

 0.25 b 0.79 

 

�

 

 0.09 a 0.79 

 

�

 

 0.13 c 0.20 

 

�

 

 0.04 a
MUFA � cholesterol 1.91 � 0.33 b, c 0.93 � 0.08 a, b 0.74 � 0.15 c 0.24 � 0.06 a

5% SFA 1.28 � 0.10 a 0.52 � 0.03 c 0.72 � 0.08 c 0.35 � 0.04 b
SFA � cholesterol 1.39 � 0.11 a 0.63 � 0.07 d 0.75 � 0.07 c 0.52 � 0.07 c

20% SFA 1.48 � 0.38 a, b 0.57 � 0.03 c 0.59 � 0.13 d 0.61 � 0.23 c
SFA � cholesterol 1.61 � 0.42 a, b 0.77 � 0.04 a 0.57 � 0.12 d 0.72 � 0.12 c, d

SFA, saturated fatty acid. CETP-TG mice (transgenic mice expressing human cholesteryl ester transfer pro-
tein) were fed a low-fat (5%, w/w) or a high-fat (20%, w/w) diet enriched in MUFAs or SFAs with and without 1%
dietary cholesterol for 2 weeks. Blood was collected by cardiac puncture, and plasma was assayed for total, LDL-,
and HDL-cholesterol and total triacylglycerol concentrations as described in Materials and Methods. Values shown
are means � SD for eight mice on each diet. Values without common letters are significantly different (P 	 0.05)
using three-way ANOVA.

TABLE 2. Hepatic lipid levels of CETP-TG mice fed different diets

Fat Level Diet Total Cholesterol Total Triacylglycerol 

mmol/mg liver

5% MUFA 5.36 � 0.8 a 30.34 � 7.97 a
MUFA � cholesterol 18.61 � 4.12 c 76.33 � 17.98 b

20% MUFA 7.82 � 1.67 a, b 61.01 � 4.12 b
MUFA � cholesterol 17.59 � 4.34 c 141.15 � 24.21 c

5% SFA 14.61 � 1.12 c 8.61 � 0.72 d
SFA � cholesterol 28.16 � 3.02 d 10.06 � 1.20 d

20% SFA 16.43 � 3.37 c 7.19 � 2.47 d
SFA � cholesterol 35.27 � 6.93 d 9.76 � 2.05 d

CETP-TG mice were fed a low-fat (5%, w/w) or a high-fat (20%,
w/w) diet enriched in MUFAs or SFAs with and without 1% dietary cho-
lesterol for 2 weeks. Liver samples were collected, and lipids were ex-
tracted and assayed for total cholesterol and total triacylglycerol con-
centrations as described in Materials and Methods. Values shown are
means � SD for eight mice on each diet. Values without common let-
ters are significantly different (P 	 0.05) using three-way ANOVA.
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low-fat MUFA diets. Addition of cholesterol to low-fat SFA
diets further decreased the hepatic total triacylglycerol
levels (7.5-fold) compared with that in MUFA diets. This
difference in hepatic total triacylglycerol levels between
SFA- and MUFA-fed mice became more prominent when
fat levels were increased (8.5-fold and 14.46-fold, without
and with cholesterol, respectively).

Effect of dietary fats and cholesterol on plasma CETP 
activity, mass, and mRNA levels

In addition to being the major source of energy, fatty
acids also regulate many genes. To investigate whether the
quantity and quality of fat in the diet regulates CETP, we
measured the plasma CETP activity, CETP mass, and he-
patic CETP mRNA levels in CETP-TG mice fed low- and
high-fat MUFA and SFA diets. Plasma CETP activity, CETP
mass, and hepatic CETP mRNA levels were significantly
higher in CETP-TG mice fed a high-fat MUFA diet com-
pared with CETP-TG mice fed a low-fat MUFA diet (Fig.
2A, B, C, respectively). In mice fed the high-fat SFA diets,
these three parameters showed a trend toward an increase
compared with mice fed the low-fat SFA diet; however, the
difference was not statistically significant (Fig. 2A, B, C, re-
spectively). In addition, mice fed the MUFA diet had higher
plasma CETP activity, mass, and mRNA levels compared
with mice fed the SFA diets at both low and high fat levels
(Fig. 2). The difference in CETP activity between the
MUFA and SFA diets became much more significant with
high-fat diets. These findings clearly suggest that the
quantity and quality of fat regulates CETP activity, mass,
and gene expression.

Cholesterol is known to induce CETP activity and hepatic
CETP gene expression in transgenic mice expressing hu-
man CETP, and saturated fats further enhance this effect
(17). However, it is not clear whether cholesterol given
along with other dietary fats has a similar effect on CETP
regulation. We examined the effects of dietary cholesterol
given along with a diet enriched in MUFAs or SFAs on CETP
activity, mass, and gene expression in CETP-TG mice fed a
low- or a high-fat diet. Addition of cholesterol to the low-fat
MUFA diet increased plasma CETP activity (Fig. 3A), with
parallel increases in CETP mass and hepatic CETP mRNA
levels (Fig. 3B, C). On the other hand, addition of cho-
lesterol to the high-fat MUFA diet significantly inhibited
plasma CETP activity (Fig. 3D), with a parallel decrease in
hepatic CETP mRNA levels (Fig. 3F) and no major change
in CETP mass (Fig. 3E). Based on these results, we conclude
that addition of cholesterol to the high- or low-fat MUFA
diet has opposite effects on CETP gene regulation.

When cholesterol was added to the low-fat SFA diet,
there was a trend toward an increase in CETP activity,
mass, and mRNA levels (Fig. 3A, B, C, respectively); how-
ever, the increase was not significant. In contrast to what
we observed with high-fat MUFA diets, cholesterol given
with a diet enriched in high-fat SFA had no effect on
CETP activity, mass, or mRNA levels (Fig. 3D, E, F, respec-
tively). Together, these results demonstrate that the regu-
lation of CETP by dietary cholesterol is influenced by the
amount and type of dietary fat.

Regulation of the CETP gene by dietary fats and 
cholesterol: in vitro studies

To further understand the molecular mechanisms of reg-
ulation of the CETP gene by fatty acids and cholesterol,

Fig. 2. Regulation of CETP activity, mass, and gene expression by
MUFAs and saturated fatty acids (SFAs) in transgenic mice express-
ing human CETP (CETP-TG mice). The CETP-TG mice were fed
diets enriched in MUFAs or SFAs containing 5% (w/w; black bars)
or 20% (w/w; hatched bars) fat for 2 weeks. Blood and liver sam-
ples were collected and assayed for plasma CETP activity (A),
plasma CETP mass (B), and hepatic CETP mRNA expression (C).
Plasma CETP activity was assayed using the radioisotope method as
described in Materials and Methods. The values are expressed as
percentages of cholesteryl ester (CE) transfer per hour. CETP mass
in plasma samples was quantitatively assayed using the CETP ELISA
DAIICHI kit as described in Materials and Methods. Hepatic CETP
mRNA abundance was measured using RT-PCR. The amount of
CETP mRNA was normalized to �-actin mRNA and expressed as ar-
bitrary units. Values shown are means � SD for eight mice on each
diet. Values without a common letter are significantly different
(P 	 0.05) using three-way ANOVA.
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SW 872 cells were transfected with various CETP chimeric
gene constructs containing regulatory elements of the CETP
gene. Previous findings have demonstrated that cholesterol-
mediated stimulation of the CETP gene is contained within
400 bp of the promoter region and involves the transcrip-
tion factors LXR�/RXR (28). We confirmed these previous
findings in SW 872 cells transfected with CETP chimeric
gene constructs. The transfected cells were treated with
4 �g/ml 25-OH cholesterol. Expression of 570CETP.CAT

was increased 3.3-fold (P 
 0.002) when 25-OH choles-
terol was added to the growth medium (Fig. 4A). These
findings confirm that cholesterol-mediated induction of the
CETP gene is contained within 570 bp of the promoter.

To determine whether CETP regulation by oleic acid is
at the molecular level, SW 872 cells were transfected with
CETP chimeric gene constructs. The transfected cells
were treated with oleic acid complexed to fatty acid-free
bovine serum albumin. Oleic acid at a concentration of 50

Fig. 3. Effect of variation in the quantity of MUFAs and SFAs on cholesterol-mediated regulation of CETP
activity, mass, and mRNA level. The CETP-TG mice were fed diets enriched in 5% (A–C) or 20% (D–F)
MUFA or SFA in the absence (black bars) or presence (hatched bars) of 1% cholesterol for 2 weeks. Blood
and liver samples were collected and assayed for plasma CETP activity (A, D), plasma CETP mass (B, E), and
hepatic CETP mRNA expression (C, F). Plasma CETP activity was assayed using the radioisotope method.
The values are expressed as percentages of cholesteryl ester (CE) transfer per hour. CETP mass in plasma
samples was quantitatively assayed using the CETP ELISA DAIICHI kit as described in Materials and Meth-
ods. Hepatic CETP mRNA abundance was measured using RT-PCR. The amount of CETP mRNA was nor-
malized to �-actin mRNA and expressed as arbitrary units. Values shown are means � SD for eight mice on
each diet. Values without a common letter are significantly different (P 	 0.05) using three-way ANOVA.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2362 Journal of Lipid Research Volume 46, 2005

�M significantly increased the expression of 570CETP.CAT
(Fig. 4B), suggesting that the fatty acid-mediated regula-
tion of the CETP gene is also contained within 570 bp of
the 5� regulatory region.

In our in vivo experiments, we observed that the quan-
tity and quality of dietary fats altered the cholesterol-medi-
ated regulation of CETP. To explore the molecular mech-
anisms of this phenomenon, we transfected CETP chimeric
gene constructs into SW 872 cells and treated the trans-
fected cells with 50 �M oleic acid complexed to fatty acid-
free bovine serum albumin along with 4 �g/ml 25-OH
cholesterol (Fig. 4C), then measured the CAT activity. In
contrast to the results obtained previously, addition of
oleic acid along with cholesterol abolished the stimulatory
effect of cholesterol on 570CETP.CAT. These results dem-
onstrated that oleic acid and cholesterol stimulate CETP
gene expression when given alone. However, addition of
fatty acids along with cholesterol interferes with the stimu-
latory effect of cholesterol on CETP gene regulation.

Regulation of LXR� and PPAR� expression by dietary 
fats and cholesterol

Fatty acids and cholesterol are generally found together
in the diet. Fatty acids are native ligands of PPAR�, and
cholesterol is a native ligand for LXR�. LXR� and PPAR�
regulate lipid homeostasis by regulating several genes that
are involved in cholesterol and fatty acid metabolism, re-
spectively (38–43). To understand the mechanism of fatty
acid interference with regulation of the CETP gene by cho-
lesterol in CETP-TG mice, we wanted to investigate whether
this interference is at the level of regulation of the expres-
sion of the transcription factors PPAR� and/or LXR�. Liver
is one of the major sites for CETP expression in CETP-TG
mice under the control of its natural flanking region (17);
the protein expression of PPAR� and LXR� was measured
in the livers of mice fed various diets by Western blotting
(Fig. 5A, B). Mice fed high-fat MUFA diets showed signifi-
cantly increased expression of PPAR� compared with low-
fat MUFA-fed mice. Inclusion of cholesterol in the high-
fat MUFA diet decreased PPAR� protein expression com-
pared with feeding the high-fat MUFA diet alone. At the
same protein concentration, the expression of PPAR� was
undetectable in low-fat MUFA-fed CETP-TG mice in the
absence or presence of cholesterol (Fig. 5A). The amount
of fat or the addition of cholesterol had no effect on PPAR�
protein expression in SFA-fed mice (data not shown). These
results indicate that PPAR� is induced by high-fat MUFA
diets and that the addition of cholesterol to the high-fat
MUFA diets decreases the expression of PPAR�.

In contrast to PPAR�, LXR� protein was detected in
mice fed the low-fat MUFA diet, and addition of choles-
terol to the low-fat MUFA diet increased LXR� protein ex-
pression (Fig. 5B). Increasing the amount of fat to 20%
inhibited the expression of LXR� protein. When choles-
terol was added to high-fat MUFA diets, it did not rescue
the inhibitory effect of high-fat MUFAs, even though the
nuclear receptor LXR� has been shown to act as a sensor
for cholesterol (28). There was no effect of SFA diets on
LXR� protein expression (data not shown). These data

Fig. 4. Oleic acid- and cholesterol-mediated induction of the
CETP gene is contained within 570 bp of the CETP 5� regulatory
region. A: The response of 138CETP.CAT, 570CETP.CAT, and
3400CETP.CAT gene chimeras to 25-OH cholesterol was tested in
SW 872 cells. The CETP.CAT gene chimeras were transfected into
SW 872 cells. After 24 h, 25-OH cholesterol in DMSO was added to
the culture medium to a final concentration of 4 �g/ml (hatched
bars). Control cells received DMSO alone (black bars). B: The re-
sponse of the CETP.CAT gene chimeras to oleic acid (18:1). Oleic
acid complexed to fatty acid-free BSA was added to the cell culture
medium of the transfected cells to a final concentration of 50 �M
(hatched bars). Control cells received fatty acid-free BSA alone
(black bars). C: The response of the CETP.CAT gene chimeras to
oleic acid (18:1) and 25-OH cholesterol. Oleic acid complexed to
fatty acid-free BSA (50 �M) and 25-OH cholesterol dissolved in
DMSO (4 �g/ml) was added to the cell culture medium of the
transfected cells (hatched bars). Control cells received fatty acid-
free BSA and DMSO (black bars). For all panels, CAT activity was
normalized to �-galactosidase activity encoded by the �-gal expres-
sion vector. The average normalized CAT activity value in the ab-
sence of ligands was assigned a value of 1. The results shown repre-
sent averages � SEM of three independent experiments performed
in triplicate. * Significantly different from the treatments without
ligands (P 	 0.05).

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Cheema et al. Dietary fats and cholesteryl ester transfer protein 2363

clearly demonstrate that high-fat MUFA diets suppress
LXR� protein expression and that the addition of choles-
terol does not rescue LXR� protein expression.

DISCUSSION

Dietary cholesterol and saturated fats are known to in-
crease CETP activity and mRNA levels (4, 11–16). How-
ever, the effect of unsaturated fatty acids (e.g., monoun-
saturated fatty acids) on the regulation of CETP is highly
controversial (15, 16, 20–24). MUFA diets have been
shown to decrease plasma CETP activity (20, 21, 23), al-
though others have reported an increase in CETP activity
with MUFA-enriched diets (15, 24). In these studies, the
amounts of MUFA varied and many times the diet con-
tained other types of fatty acids along with MUFAs. In ad-
dition, the diets were fed for longer time periods. The
present study was undertaken to clarify some of the con-
troversial issues related to CETP regulation by diets rich in
MUFAs and to further investigate whether dietary fats in-
terfere with cholesterol to regulate CETP, using the well-
established mouse model expressing the human CETP
gene under the control of its natural flanking region (17).

CETP-TG mice were fed a diet enriched in either MUFAs
or SFAs at both low (5%, w/w) and high (20%, w/w) fat
levels with and without 1% dietary cholesterol for 2 weeks.
CETP activity, mass, and mRNA levels were higher in mice
fed MUFA-enriched diets compared with mice fed SFA-
enriched diets at both low and high fat levels. These ob-
servations are similar to earlier reports by Khosla et al.

(15) and Gupta et al. (24), who found increases in CETP
activity by MUFA-enriched diets. It was interesting to ob-
serve that the addition of cholesterol to the low-fat MUFA
diet increased CETP activity, mass, and gene expression,
as expected, whereas the addition of cholesterol to the
high-fat MUFA diet suppressed CETP activity and mRNA
expression. This effect was not observed in mice fed SFA
diets. It appears that at low fat levels, the effect of choles-
terol overrides the effect of dietary fatty acids; however, at
high fat levels, there is interference of fat with cholesterol
to regulate CETP. Kurushima et al. (20, 22) previously re-
ported that addition of oleic acid to a cholesterol-supple-
mented diet in hamsters prevents cholesterol-induced in-
creases in CETP activity, suggesting that oleic acid interferes
with the cholesterol-mediated induction of CETP activity.
These findings are similar to our observation that oleic acid
interferes with cholesterol to regulate CETP. Previously,
we showed that the regulation of cyp7 by cholesterol de-
pends on the type of dietary fat (25). Cholesterol gener-
ally increases cyp7 expression, although the stimulatory
effect of cholesterol was abolished in the presence of a
diet enriched in MUFAs, and this effect was not seen with
a diet enriched in polyunsaturated fatty acids. The current
observations indicate that the cholesterol-mediated regu-
lation of CETP is influenced by the amount and type of di-
etary fat, similar to the observations made for cyp7.

The cholesterol-mediated induction of the CETP gene
is contained within 400 bp of the 5� regulatory region (28).
We confirmed these findings in SW 872 cells, in which the
expression of 570CETP.CAT increased 3.3-fold when 25-OH
cholesterol was added to the growth medium. The level of

Fig. 5. Regulation of peroxisome proliferator-activated
receptor � (PPAR�) and liver X receptor � (LXR�) pro-
tein expression in the livers of CETP-TG mice by dietary
fats and cholesterol (Chol). The CETP-TG mice were fed
diets enriched in 5% or 20% MUFAs in the absence or
presence of 1% cholesterol for 2 weeks. Protein extracts
were prepared from the livers of these mice as described in
Materials and Methods. Samples containing 50 �g of pro-
tein were subjected to 10% SDS-PAGE, transferred to a ni-
trocellulose membrane, and subjected to immunoblotting
with goat anti-PPAR� (A) and goat anti-LXR� (B) antibod-
ies (1:500).
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fat in the diet has been shown to regulate the expression
of genes involved in lipid metabolism (43, 44), in which
high-fat diets generally increase the expression. In the
present study, CETP activity and mRNA levels were signifi-
cantly higher in mice fed the high-fat MUFA diet com-
pared with low-fat MUFA-fed mice, indicating that the
amount of fat regulates CETP expression. To address the
question of whether the effect of dietary fats on CETP reg-
ulation is a direct effect, we used in vitro transfection ex-
periments, using sequential deletions of the 5� regulatory
regions of the human CETP gene. As seen with 25-OH
cholesterol, oleic acid (18:1) also induced the expression
of the human CETP gene, and the induction was con-
tained within the 570 bp of the human CETP 5� regula-
tory region. These findings suggest that fatty acids directly
regulate the CETP gene, and the fatty acid response ele-
ments are also situated within 570 bp of the CETP 5� regu-
latory region. The response of CETP to dietary choles-
terol when given along with high-fat MUFA diets was
unexpected in our in vivo experiments using CETP-TG
mice. These observations were further confirmed in the
in vitro experiments using SW 872 cells transfected with
CETP.CAT chimeric gene constructs. Treatment of trans-
fected cells with oleic acid and cholesterol given together
abolished the stimulatory effect of fatty acids and choles-
terol alone.

It is well established that the regulation of CETP by cho-
lesterol involves the binding of LXR�/RXR to the 5� regu-
latory region of the CETP gene (28). To further under-
stand the observations that the presence of a high-fat
MUFA diet inhibited the cholesterol-mediated induction
of CETP, we investigated whether the effect of MUFAs was
mediated by altering the expression of LXR�. Western
blot analysis revealed that the high-fat MUFA diet signifi-
cantly suppressed the expression of LXR� and that addi-
tion of cholesterol to the high-fat MUFA diet was unable
to rescue this inhibition. Thus, inhibition of LXR� expres-
sion by the high-fat MUFA diet, alone or in combination
with cholesterol, might explain the lack of stimulation of
CETP under these conditions. It is likely that a basal level
of LXR� is essential to maintain the expression of CETP.
Others have also shown that unsaturated fatty acids inter-
fere with LXR activation, which in turn leads to a decrease
in the expression of genes (45, 46). These authors found
that the effect of fatty acids on the regulation of LXR� ex-
pression depends on the degree of unsaturation. The reg-
ulation of LXR� by fatty acids is at the transcriptional
level, with unsaturated fatty acids being highly efficient
and SFAs having no effect. We also observed no effect of a
high-fat SFA diet on LXR� expression when given alone
or in combination with cholesterol (data not shown). This
explains why the SFA diet had a different effect on CETP
regulation.

We also observed an increase in PPAR� expression by
the high-fat MUFA diet. It is possible that the increased
expression of PPAR� interferes with LXR� to regulate
CETP. Previous studies have shown that LXR� and PPAR�
interact in vitro (29, 47–53). PPAR� inhibits the binding
of LXR�/RXR� to liver X receptor response element

(LXRE), whereas LXR� inhibits the binding of PPAR�/
RXR� to PPRE and antagonizes peroxisome proliferator
signaling. We have shown previously that the LXRE motif
(DR-4 site) in the cyp7 gene has a hidden PPRE motif
(DR-1 site) (29). The cyp7 gene was induced by activated
LXR� and PPAR�; however, the coexpression of the two
nuclear receptors abolished the response of the cyp7 pro-
moter, indicating interaction between PPAR� and LXR�
to regulate cyp7 expression (47). Tobin et al. (51) have
shown the presence of five possible PPREs in the mouse
LXR� 5� regulatory region, which were required to main-
tain the in vitro response to a PPAR� agonist. Thus, it is
likely that the induction of PPAR� by the high-fat MUFA
diet is responsible for the inhibition of LXR� by binding
of PPAR� to a PPRE in the LXR� 5� regulatory region.

Fig. 6. Possible mechanisms involved in the fatty acid- and choles-
terol-mediated regulation of CETP. A: Regulation of CETP by indi-
rect regulation of LXR� by fatty acids. Cholesterol induces CETP
via LXR�, whereas fatty acids downregulate LXR�, thereby interfer-
ing with the cholesterol-mediated induction of CETP. B: The fatty
acid-mediated regulation of CETP might involve PPAR�/retinoid
X receptor (RXR), which could compete for the binding of LXR�/
RXR to the CETP promoter region. A potential peroxisome prolif-
erator response element (PPRE) sequence is shown adjacent to the
liver X receptor response element (LXRE) sequence in the CETP
5� regulatory region. C: PPAR� induced by fatty acids might bind to
a possible PPRE present in the promoter region of LXR� and
might inhibit the expression of LXR�. ve, negative regulation.
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Whether or not fatty acid-mediated regulation of CETP in-
volves the PPREs present in the 5� regulatory region(s) of
LXR� and/or CETP is a topic of future investigation. Fig-
ure 6 gives diagrammatical representations of the possible
mechanisms involved in fatty acid and cholesterol interac-
tion to regulate CETP. Data presented in this study have
demonstrated that fatty acids interfere with the choles-
terol-mediated regulation of CETP (Fig. 6A). Whether the
effect of fatty acids and cholesterol on CETP regulation
is attributable to the interaction of PPAR/RXR/LXR di-
rectly with the CETP promoter (Fig. 6B), or to the indi-
rect regulation of LXR� by fatty acids (Fig. 6C), is not clear
and needs to be explored. We have identified a potential
PPRE site in the human CETP 5� regulatory region adja-
cent to the LXRE site, as shown in Fig. 6B. Studies are un-
der way in our laboratory to address whether PPAR�/RXR
binds to this site and to unravel the mechanism(s) of
PPAR/LXR/RXR interaction.

Plasma CETP levels are highly correlated with CETP
production during liver perfusion, indicating that the reg-
ulation of CETP production in the liver affects CETP
availability in plasma (14). The levels of CETP in turn in-
fluence the relative degree of atherogenicity by altering
the levels of LDL- and HDL-cholesterol concentrations.
Comparison of the plasma LDL-cholesterol and HDL-cho-
lesterol concentrations from low-fat MUFA-fed animals
shows that they correlate well with changes in CETP activ-
ity. On the other hand, high-fat MUFA diets fail to show a
trend with the CETP activity. Although there is a decrease
in CETP activity when cholesterol is added to the high-fat
MUFA diet, the LDL-cholesterol shows a minor increase,
with no change in HDL-cholesterol concentrations. Fuse-
gawa et al. (16) reported no significant differences in
plasma CETP activity of St. Kitts vervet monkeys fed diets
enriched in saturated, monounsaturated, or polyunsatu-
rated fatty acids. However, addition of cholesterol to any
of these diets increased plasma CETP activity, which is not
in agreement with our findings. Those authors used 16%
(w/w) dietary fat and 0.8 mg/kcal cholesterol in the diets,
and the diets were fed for much longer time periods; how-
ever, we used 5% and 20% (w/w) fat content in our diets.
The diet regimens we used are from two extremes; it is
possible that there is a threshold point that triggers the
dominant effect of fat over cholesterol. Thus, it is impor-
tant to investigate the effect of dietary cholesterol on
CETP regulation when given along with 10% (w/w) or
15% (w/w) fat. We did not find a significant effect of the
SFA diet on CETP activity or mRNA expression, which is
not consistent with previous observations. The high-fat SFA
diet used in our study is rich in stearic acid (18:0), which
is considered to be a neutral fatty acid. Diets rich in stearic
acid have been shown to have no effect on plasma total
cholesterol and LDL-cholesterol concentrations (54).

In conclusion, it is difficult to interpret from the cur-
rent observations whether the regulation of CETP by di-
etary fats has an influence on atherogenicity. However, the
observations that cholesterol does not have a singular ef-
fect on CETP regulation, and that the cholesterol-medi-
ated regulation depends on the quantity and quality of fat

in the diet, are made here for the first time. It is suggested
that cholesterol and fatty acids interact to regulate CETP
expression, which might involve the interaction of tran-
scription factors such as PPAR� and LXR�. The under-
standing of the regulation of metabolic pathways by cho-
lesterol together with various fatty acids is crucial because
these dietary components are normally consumed simul-
taneously.

The authors are grateful to Dr. Alan Tall for providing the
CETP transgenic mice. The authors extend their thanks to
Dr. Lou Agellon, who provided assistance with CETP promoter
constructs. This research was supported by a grant from the Ca-
nadian Institutes of Health Research and by the Canadian In-
novation Fund. S.K.C. holds a New Investigator Award from the
Canadian Institutes of Health Research.

REFERENCES

1. Bruce, C., R. A. Chouinard, Jr., and A. R. Tall. 1998. Plasma lipid
transfer proteins, high density lipoproteins, and reverse choles-
terol transport. Annu. Rev. Nutr. 18: 297–330.

2. Fielding, C. J., and P. E. Fielding. 1995. Molecular physiology of re-
verse cholesterol transport. J. Lipid Res. 36: 211–228.

3. Foger, B., A. Ritsch, A. Doblinger, H. Wessels, and J. R. Patsch.
1996. Relationship of plasma cholesteryl ester transfer protein to
HDL cholesterol. Studies in normotriglyceridemia and moderate
hypertriglyceridemia. Arterioscler. Thromb. Vasc. Biol. 16: 1430–1436.

4. Martin, L. J., P. W. Connelly, D. Nancoo, N. Wood, Z. J. Zhang, G.
Maguire, E. Quinet, A. R. Tall, Y. L. Marcel, and R. McPherson.
1993. Cholesteryl ester transfer protein and high density lipopro-
tein responses to cholesterol feeding in men: relationship to apo-
lipoprotein E genotype. J. Lipid Res. 34: 437–446.

5. Takahashi, H., A. Takahashi, M. Maki, H. Sasai, and M. Kamada. 2001.
Effect of CETP on the plasma lipoprotein profile in four strains of
transgenic mouse. Biochem. Biophys. Res. Commun. 283: 118–123.

6. Hogue, J. C., B. Lamarche, D. Gaudet, M. Lariviere, A. J. Tremblay, J.
Bergeron, I. Lemieux, J. P. Despres, C. Gagne, and P. Couture. 2004.
Relationship between cholesteryl ester transfer protein and LDL het-
erogeneity in familial hypercholesterolemia. J. Lipid Res. 45: 1077–1083.

7. Brown, M. L., A. Inazu, C. B. Hesler, L. B. Agellon, C. Mann, M. E.
Whitlock, Y. L. Marcel, R. W. Milne, J. Koizumi, H. Mabuchi, et al.
1989. Molecular basis of lipid transfer protein deficiency in a fam-
ily with increased high-density lipoproteins. Nature. 342: 448–451.

8. Inazu, A., X. C. Jiang, T. Haraki, K. Yagi, N. Kamon, J. Koizumi, H.
Mabuchi, R. Takeda, K. Takata, Y. Moriyama, et al. 1994. Genetic
cholesteryl ester transfer protein deficiency caused by two preva-
lent mutations as a major determinant of increased levels of high
density lipoprotein cholesterol. J. Clin. Invest. 94: 1872–1882.

9. Agellon, L. B., A. Walsh, T. Hayek, P. Moulin, X. C. Jiang, S. A.
Shelanski, J. L. Breslow, and A. R. Tall. 1991. Reduced high density
lipoprotein cholesterol in human cholesteryl ester transfer pro-
tein transgenic mice. J. Biol. Chem. 266: 10796–10801.

10. Marotti, K. R., C. K. Castle, T. P. Boyle, A. H. Lin, R. W. Murray, and
G. W. Melchior. 1993. Severe atherosclerosis in transgenic mice ex-
pressing simian cholesteryl ester transfer protein. Nature. 364: 73–75.

11. Jiang, X. C., P. Moulin, E. Quinet, I. J. Goldberg, L. K. Yacoub,
L. B. Agellon, D. Compton, R. Schnitzer-Polokoff, and A. R. Tall.
1991. Mammalian adipose tissue and muscle are major sources of
lipid transfer protein mRNA. J. Biol. Chem. 266: 4631–4639.

12. Son, Y. S., and D. B. Zilversmit. 1986. Increased lipid transfer activ-
ities in hyperlipidemic rabbit plasma. Arteriosclerosis. 6: 345–351.

13. McPherson, R., P. Lau, P. Kussie, H. Barrett, and A. R. Tall. 1997.
Plasma kinetics of cholesteryl ester transfer protein in the rabbit. Ef-
fects of dietary cholesterol. Arterioscler. Thromb. Vasc. Biol. 17: 203–210.

14. Quinet, E., A. Tall, R. Ramakrishnan, and L. Rudel. 1991. Plasma
lipid transfer protein as a determinant of the atherogenicity of
monkey plasma lipoproteins. J. Clin. Invest. 87: 1559–1566.

15. Khosla, P., T. Hajri, A. Pronczuk, and K. C. Hayes. 1997. Replacing

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2366 Journal of Lipid Research Volume 46, 2005

dietary palmitic acid with elaidic acid (t-C18:1 delta9) depresses
HDL and increases CETP activity in cebus monkeys. J. Nutr. 127
(Suppl.): 531–536.

16. Fusegawa, Y., K. L. Kelley, J. K. Sawyer, R. N. Shah, and L. L. Rudel.
2001. Influence of dietary fatty acid composition on the relation-
ship between CETP activity and plasma lipoproteins in monkeys. J.
Lipid Res. 42: 1849–1857.

17. Jiang, X. C., L. B. Agellon, A. Walsh, J. L. Breslow, and A. Tall.
1992. Dietary cholesterol increases transcription of the human
cholesteryl ester transfer protein gene in transgenic mice. Depen-
dence on natural flanking sequences. J. Clin. Invest. 90: 1290–1295.

18. Chang, C., and J. T. Snook. 2001. The cholesterolaemic effects of
dietary fats in cholesteryl ester transfer protein transgenic mice.
Br. J. Nutr. 85: 643–648.

19. Quinet, E. M., L. B. Agellon, P. A. Kroon, Y. L. Marcel, Y. C. Lee,
and A. R. Tall. 1990. Atherogenic diet increases cholesteryl ester
transfer protein messenger RNA levels in rabbit liver. J. Clin. Invest.
85: 357–363.

20. Kurushima, H., K. Hayashi, T. Shingu, Y. Kuga, H. Ohtani, Y.
Okura, K. Tanaka, Y. Yasunobu, K. Nomura, and G. Kajiyama.
1995. Opposite effects on cholesterol metabolism and their mech-
anisms induced by dietary oleic acid and palmitic acid in hamsters.
Biochim. Biophys. Acta. 1258: 251–256.

21. Groener, J. E., E. M. van Ramshorst, M. B. Katan, R. P. Mansink,
and A. van Tol. 1991. Diet induced alteration in the activity of
plasma lipid transfer protein in normolipidemic human subjects.
Atherosclerosis. 87: 221–226.

22. Kurushima, H., K. Hayashi, Y. Toyota, M. Kambe, and G. Kajiyama.
1995. Comparison of hypocholesterolemic effects induced by dietary
linoleic acid and oleic acid in hamsters. Atherosclerosis. 114: 213–221.

23. Jansen, S., J. Lopez-Miranda, P. Castro, F. Lopez-Segura, C. Marin,
J. M. Ordovas, E. Paz, J. Jimenez-Pereperez, F. Fuentes, and F. Perez-
Jimenez. 2000. Low-fat and high-monounsaturated fatty acid diets
decrease plasma cholesterol ester transfer protein concentrations in
young, healthy, normolipemic men. Am. J. Clin. Nutr. 72: 36–41.

24. Gupta, S. V., N. Yamada, T. V. Fungwe, and P. Khosla. 2003. Replac-
ing 40% of dietary animal fat with vegetable oil is associated with
lower HDL cholesterol and higher cholesterol ester transfer pro-
tein in cynomolgus monkeys fed sufficient linoleic acid. J. Nutr.
133: 2600–2606.

25. Cheema, S. K., D. Cikaluk, and L. B. Agellon. 1997. Dietary fats
modulate the regulatory potential of dietary cholesterol on choles-
terol 7 alpha-hydroxylase gene expression. J. Lipid Res. 38: 315–323.

26. Jelinek, D. F., S. Andersson, C. A. Slaughter, and D. W. Russell.
1990. Cloning and regulation of cholesterol 7 alpha-hydroxylase,
the rate-limiting enzyme in bile acid biosynthesis. J. Biol. Chem.
265: 8190–8197.

27. Lehmann, J. M., S. A. Kliewer, L. B. Moore, T. A. Smith-Oliver, B. B.
Oliver, J. L. Su, S. S. Sundseth, D. A. Winegar, D. E. Blanchard, T. A.
Spencer, et al. 1997. Activation of the nuclear receptor LXR by oxy-
sterols defines a new hormone response pathway. J. Biol. Chem.
272: 3137–3140.

28. Luo, Y., and A. R. Tall. 2000. Sterol upregulation of human CETP
expression in vitro and in transgenic mice by an LXR element. J.
Clin. Invest. 105: 513–520.

29. Cheema, S. K., and L. B. Agellon. 2000. The murine and human
cholesterol 7alpha-hydroxylase gene promoters are differentially re-
sponsive to regulation by fatty acids mediated via peroxisome prolif-
erator-activated receptor alpha. J. Biol. Chem. 275: 12530–12536.

30. Cheema, S. K., and F. Rashid-Kolvear. 2003. Streptozotocin-induced
increase in cholesterol ester transfer protein (CETP) and its rever-
sal by insulin in transgenic mice expressing human CETP. Can. J.
Physiol. Pharmacol. 81: 997–1004.

31. Yokode, M., R. E. Hammer, S. Ishibashi, M. S. Brown, and J. L. Gold-
stein. 1990. Diet-induced hypercholesterolemia in mice: prevention
by overexpression of LDL receptors. Science. 250: 1273–1275.

32. Friedewald, W. T., R. I. Levy, and D. S. Fredrickson. 1972. Estima-
tion of the concentration of low-density lipoprotein cholesterol in
plasma, without use of the preparative ultracentrifuge. Clin. Chem.
18: 499–502.

33. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform ex-
traction. Anal. Biochem. 162: 156–159.

34. Oliveira, H. C., R. A. Chouinard, L. B. Agellon, C. Bruce, L. Ma, A.
Walsh, J. L. Breslow, and A. R. Tall. 1996. Human cholesteryl ester
transfer protein gene proximal promoter contains dietary choles-
terol positive responsive elements and mediates expression in

small intestine and periphery while predominant liver and spleen
expression is controlled by 5�-distal sequences. Cis-acting sequences
mapped in transgenic mice. J. Biol. Chem. 271: 31831–31838.

35. Richardson, M. A., D. T. Berg, P. A. Johnston, D. McClure, and B. W.
Grinnell. 1996. Human liposarcoma cell line, SW872, secretes cho-
lesteryl ester transfer protein in response to cholesterol. J. Lipid
Res. 37: 1162–1166.

36. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951.
Protein measurement with the Folin phenol reagent. J. Biol. Chem.
193: 265–275.

37. Steele, R. G., D. A. Dickey, and J. H. Torrie. 1996. Principles and
Procedures of Statistics: A Biometrical Approach. McGraw-Hill
Book Co., New York.

38. Duplus, E., and C. Forest. 2002. Is there a single mechanism for
fatty acid regulation of gene transcription? Biochem. Pharmacol. 64:
893–901.

39. Kersten, S. 2002. Effects of fatty acids on gene expression: role of
peroxisome proliferator-activated receptor �, liver X receptor �
and sterol regulatory element-binding protein-1c. Proc. Nutr. Soc.
61: 371–374.

40. Pégorier, J. P., C. Le May, and J. Girard. 2004. Control of gene ex-
pression by fatty acids. J. Nutr. 134 (Suppl.): 2444–2449.

41. Steffensen, K. R., and J. A. Gustafsson. 2004. Putative metabolic ef-
fects of the liver X receptor (LXR). Diabetes. 53 (Suppl.): 36–42.

42. Andrew, C., and C. K. Glass. 2004. PPAR- and LXR-dependent
pathways controlling lipid metabolism and the development of
atherosclerosis. J. Lipid Res. 45: 2161–2173.

43. Jump, D. B., and S. D. Clarke. 1999. Regulation of gene expression
by dietary fat. Annu. Rev. Nutr. 19: 63–90.

44. Rippe, C., K. Berger, J. Mei, M. E. Lowe, and C. Erlanson-Alberts-
son. 2003. Effect of long-term high-fat feeding on the expression
of pancreatic lipases and adipose tissue uncoupling proteins in
mice. Pancreas. 26: e36–e42.

45. Pawar, A., J. Xu, E. Jerks, D. J. Mangelsdorf, and D. B. Jump. 2002.
Fatty acid regulation of liver X receptors (LXR) and peroxisome
proliferator-activated receptor alpha (PPARalpha) in HEK293
cells. J. Biol. Chem. 277: 39243–39250.

46. Pawar, A., D. Botolin, D. J. Mangelsdorf, and D. B. Jump. 2003.
The role of liver X receptor-alpha in the fatty acid regulation of
hepatic gene expression. J. Biol. Chem. 278: 40736–40743.

47. Gbaguidi, G. F., and L. B. Agellon. 2002. The atypical interaction
of peroxisome proliferator-activated receptor alpha with liver X re-
ceptor alpha antagonizes the stimulatory effect of their respective
ligands on the murine cholesterol 7alpha-hydroxylase gene pro-
moter. Biochim. Biophys. Acta. 1583: 229–236.

48. Miyata, K. S., S. E. McCaw, H. V. Patel, R. A. Rachubinski, and J. P. Ca-
pone. 1996. The orphan nuclear hormone receptor LXR alpha inter-
acts with the peroxisome proliferator-activated receptor and inhibits
peroxisome proliferator signaling. J. Biol. Chem. 271: 9189–9192.

49. Laffitte, B. A., S. B. Joseph, R. Walczak, L. Pei, D. C. Wilpitz, J. L.
Collins, and P. Tontonoz. 2001. Autoregulation of the human liver
X receptor alpha promoter. Mol. Cell. Biol. 21: 7558–7568.

50. Chawla, A., W. A. Boisvert, C. H. Lee, B. A. Laffitte, Y. Barak, S. B.
Joseph, D. Liao, L. Nagy, P. A. Edwards, L. K. Curtiss, et al. 2001. A
PPAR gamma-LXR-ABCA1 pathway in macrophages is involved in
cholesterol efflux and atherogenesis. Mol. Cell. 7: 161–171.

51. Tobin, K. A., H. H. Steineger, S. Alberti, O. Spydevold, J. Auwerx,
J. A. Gustafsson, and H. I. Nebb. 2000. Cross-talk between fatty
acid and cholesterol metabolism mediated by liver X receptor-
alpha. Mol. Endocrinol. 14: 741–752.

52. Yoshikawa, T., T. Ide, H. Shimano, N. Yahagi, M. Amemiya-Kudo,
T. Matsuzaka, S. Yatoh, T. Kitamine, H. Okazaki, Y. Tamura, et al.
2003. Cross-talk between peroxisome proliferator-activated recep-
tor (PPAR) alpha and liver X receptor (LXR) in nutritional regu-
lation of fatty acid metabolism. I. PPARs suppress sterol regulatory
element binding protein-1c promoter through inhibition of LXR
signaling. Mol. Endocrinol. 17: 1240–1254.

53. Ide, T., H. Shimano, T. Yoshikawa, N. Yahagi, M. Amemiya-Kudo,
T. Matsuzaka, M. Nakakuki, S. Yatoh, Y. Iizuka, S. Tomita, et al.
2003. Cross-talk between peroxisome proliferator-activated recep-
tor (PPAR) alpha and liver X receptor (LXR) in nutritional regu-
lation of fatty acid metabolism. II. LXRs suppress lipid degrada-
tion gene promoters through inhibition of PPAR signaling. Mol.
Endocrinol. 17: 1255–1267.

54. Cheema, S. K., and L. B. Agellon. 1999. Metabolism of cholesterol
is altered in the liver of C3H mice fed fats enriched with different
C-18 fatty acids. J. Nutr. 129: 1718–1724.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

