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Abstract

Cholesteryl ester transfer activity is increased in plasma of
cholesterol-fed rabbits. To investigate the mechanisms leading
to changes in activity, we measured cholesteryl ester transfer
protein (CETP) mass by RIA and CETPmRNAabundance by
Northern and slot blot analysis using a human CETPcDNA
probe in control (n = 8) and cholesterol-fed rabbits (n = 10).
Cholesterol feeding (chow plus 0.5% cholesterol, 10%corn oil)
for 30 d increased CETPmass in plasma 3.2-fold in the cho-
lesterol-fed rabbits (12.45±0.82 ;g/ml) compared with con-
trols (3.86±038 pg/ml). In the hypercholesterolemic rabbit,
liver CETP mRNAlevels were increased 2.8 times control
mRNAlevels. Actin, apo E, lecithin-cholesterol acyltransfer-
ase, and albumin mRNAabundances were unchanged. In con-
trast to the widespread tissue distribution in humans, CETP
mRNAwas not detected in extrahepatic tissues of either con-
trol or cholesterol-fed animals. Using a sensitive RNase pro-
tection assay, the increase in liver CETPmRNAwas detect-
able within 3 d of beginning the high cholesterol diet. Thus, in
response to the atherogenic diet there is an early increase in
liver CETPmRNA,probably causing increased CETPsynthe-
sis and secretion, and increased plasma CETP. The results
indicate that the CETPgene may be regulated by diet-induced
changes in lipid metabolism. (J. Clin. Invest. 1990. 85:357-
363.) atherosclerosis - hypercholesterolemia * lipid metabolism

llipid transfer protein regulation - lipoproteins

Introduction

Cholesteryl ester transfer protein (CETP)' transfers cholesteryl
esters (CE) from HDL and LDL to triglyceride-rich lipopro-
teins (chylomicrons and VLDL). Since chylomicrons and large
VLDL are rapidly removed by the liver by a putative chylomi-
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cron remnant receptor (1), the CETPprovides a mechanism
for returning CE, formed in HDLby the lecithin:cholesterol
acyltransferase (LCAT) reaction, to the liver. This provides a
pathway for returning plasma CE to liver, which can function
independently of liver LDL receptor-mediated clearance (2).
Although this pathway could have an antiatherogenic func-
tion, it may also promote the accumulation of CE in foam
cell-forming VLDL or chylomicron remnants (2, 3). Thus, in
circumstances where there is impaired clearance of remnants
(e.g., in human dysbetalipoproteinemia), the plasma CE
transfer pathway may indirectly contribute to atherogenesis.

Efforts to understand the function and regulation of CETP
have led to the purification of a Mr 74,000 protein (4) from
human plasma and the production of MAbs to the CETPthat
neutralize its CE and triglyceride transfer activities (5). The
human CETPcDNAhas been isolated and used to determine
the sequence and expression of the mRNA(6). The cDNA
hybridizes to a 1.9-kb transcript in human liver and small
intestine, apparently the two major sources of apoprotein syn-
thesis in humans, given the large size of these organs. However,
comparable or larger concentrations of CETP mRNAwere
also found in human adrenal gland and spleen (6). Recently,
the cloning and sequencing of the rabbit CETPcDNA identi-
fied a highly homologous 2.2-kb mRNAthat was found in
liver but not in other tissues (7).

At present, little is known about the regulation of plasma
CETP activity or mass levels. Increased CE transfer activity
was found in hypercholesterolemic plasma obtained from
cholesterol-fed rabbits (3, 8). Alterations in CEtransfer activity
have been documented in a variety of nutritional states, and
during pregnancy (9) or drug therapy (10). However, activity
measurements are influenced by factors such as inhibitors ( 11)
and cannot be equated with CETPmass. The recent develop-
ment of MAbs to CETP(5) and the availability of a cDNA(6)
now permit an understanding of CETPon a molecular level.

The aims of the present study were (a) to determine if
previously documented changes in activity (3, 8) were due to
changes in CETP mass, and (b) to measure CETP mRNA
changes in response to the atherogenic diet. The changes in
CETPmass have been measured by MAb-based RIA, and the
human CETPcDNAprobe has been used to assess the levels of
CETPmRNAin rabbit liver and peripheral tissues. The results
show an increase in plasma CETPmass and also a corre-
sponding increase in CETPmRNAin rabbit liver, and suggest
that the CETPgene may be subject to dietary regulation.

Methods

Animals
Male New Zealand white rabbits weighing 2.5-3 kg were used in all
experiments. All animals were housed individually and had free access
to water. Experiments were performed on three different groups of
rabbits.
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1-mo cholesterolfeeding study. 10 rabbits were fed the high choles-
terol diet (rabbit chow supplemented with 0.5% cholesterol and 10%
corn oil), and 8 rabbits were fed the control diet (standard milled rabbit
chow) for 1 mobefore killing. Blood was obtained in heparinized tubes
from the ear vein, and the plasma separated and frozen at -70'C.
Organs were removed, frozen immediately in liquid N2, and stored at
-70'C until analyzed.

Time-course study. To evaluate the time course of changes in
plasma CETPand liver mRNAlevels, pairs of rabbits were killed at
various times after beginning the high cholesterol diet (at 0, 3, 5, 7, 10,
14, and 30 d).

Lovastatin study. To evaluate the effect of plasma cholesterol levels
on CETP, four rabbits fed control chow were given lovastatin and
compared with a simultaneous control group of four rabbits receiving
no drug. Lovastatin (Merck and Co., Rahway, NJ) was administered
orally (30-60 mg/kg per d in drug-impregnated chow, 0.075% [wt/wt])
for 7 d before killing.

Cholesterol measurements
Total serum cholesterol was assayed enzymatically at 500 nm using
reagents (Sigma Chemical Co., St. Louis, MO) and a modification of
the method of Allain et al. (12).

CETPmass measurements
CETPmass was assayed by solid-phase competitive RIA (13) with the
following modifications. Plastic wells were coated overnight with 30 ng
purified CETP in 15 mMNa2CO3, 35 mMNaHCO3, and 0.02%
NaN3, pH 9.6. A standard plasma pool was prepared from 10 normo-
lipemic human donors, made 2 mMin diethylparanitrophenyl phos-
phate, and stored in aliquots at -70'C. The standard plasma pool was
calibrated using purified CETPand had a concentration of 1.8 .g/ml.
Before assaying standard plasma, all samples were incubated for 1 h at
370C in an equal volume of 2%Triton saturation buffer (PBS with 2%
Triton X- 100, 1%BSA, 0.02% NaN3, and 1 mMEDTA, pH 7.2). MAb
TP-2 and antigens were diluted in 1%Triton saturation buffer to give a
final assay concentration of 0.5% Triton. Before counting, wells were
washed three times with 0.5% Triton saturation buffer.

To ensure that the assay was not influenced by lipoproteins, the d
< 1.21 g/ml fraction and the d > 1.21 g/ml infranatant isolated by
ultracentrifugation of plasma for 3 d at 45,000 rpm in a 50.3 Ti rotor at
10°C were each assayed by RIA. This prolonged ultracentrifugation
was anticipated to result in complete dissociation of CETP from the
lipoprotein fractions, as demonstrated previously (3). The d < 1.21
g/ml fraction gave no displacement in the RIA, while the d > 1.21
g/ml fraction demonstrated a curve parallel to both whole rabbit
plasma and the human control pooled plasma. In addition, after cor-
rection for volume changes, the displacement curve for the rabbit
plasma d > 1.21 fraction indicated the same CETPconcentration as
the whole rabbit plasma from which the fraction was isolated. This
result showed that the CETPRIA was not artifactually influenced by
the markedly increased lipoprotein fraction of the cholesterol-fed
rabbits.

RNAextraction and Northern blot analysis
Total cellular RNAwas isolated from various tissues using the lithium
chloride/urea extraction method (14). The integrity and quality of all
RNAsamples was determined by electrophoresis on agarose/borate
gels (15) before poly A+ mRNAisolation. Polyadenylated mRNAwas
isolated from total RNA( 16) by batch isolation using oligo (dT)-cellu-
lose (Collaborative Research Inc., Lexington, MA). The resultant
mRNAwas dissolved in 10 mMHepes (pH 7.4) and 1 mMEDTA,
adjusted to 0.3 MNa acetate (pH 5.2), reprecipitated with 2.5 vol
absolute ethanol at -20°C, resuspended in dH2O (diethylpyrocarbon-
ate treated), quantitated at A260 nm by spectrophotometry, and used for
molecular hybridization. Northern transfer of poly A+ mRNAwas
performed as outlined by Thomas (17). Briefly, the polyadenylated
RNAwas denatured with I Mglyoxal, 50% dimethyl sulfoxide and
separated in 1.2% agarose. The RNAwas transferred to Nytran by
diffusion blotting and hybridized with the human cDNA probe at

420C in hybridization solution containing 40% formamide, 5X stan-
dard saline citrate (SSC), 50 mMsodium phosphate (pH 6.8), 5X
Denhardt's solution, and 200 g/ml denatured salmon sperm DNA.
The human CETPcDNA, clone pCETP. 1 (kindly provided by D.
Drayna and R. Lawn, Genentech Inc.) contains 1,581 bp of the human
gene. Intact poly A+ mRNAwas demonstrated by reprobing the filters
with chicken f3-actin cDNA. Radiolabeled probes were prepared by the
random priming method of Feinberg and Vogelstein (18), yielding sp
acts of 1 X 109 cpm/,g. Usually 2-4 X 106 cpm/ml were used in
hybridizations. Subsequent to hybridization, washing was performed
in three changes of 0.5X SSCplus 0.1% SDSat 550C.

CETPmRNAmeasurements
The abundance of CETP, actin, apo E, LCAT, and albumin mRNA
was determined by quantitative slot blotting (19). The RNAdissolved
in H20 was denatured at 60C for 10 min, diluted with an equal
volume of 20X SSC, and applied to nitrocellulose membranes prewet-
ted with lOX SSC using a slot blot apparatus (Schleicher & Schuell,
Inc., Keene, NH). The filters were air dried and baked at 80C for 2 h.
Slot blots were hybridized stringently in Church and Gilbert hybridiza-
tion solution (20) at 650C for 18 h. Hybridization with cloned human
CETPcDNAwas followed by reprobing of the filters with the following
cDNA probes: albumin and apo E derived from rat, chicken fl-actin,
and human LCAT. Hybridization of the washed slot blot filters was at
55°C. Each of the cDNAprobes were tested for specific hybridization
with rabbit mRNAbefore slot blot analysis and showed a single band
of hybridization of the appropriate size by Northern analysis under the
same hybridization conditions. After hybridization filters were washed
and subjected to autoradiography at -70°C on XAR-5 film (Eastman
Kodak Co., Rochester, NY) using intensifier screens. Filters were
stripped with 0. 1 X SSCand 0.1% SDSby boiling for 5-10 min before
rehybridization. Autoradiographs of the slot blot hybridizations were
quantitated by scanning densitometry. A range of mRNAamounts (2,
4, and 6 Mg) yielded a linear response of hybridization signal with RNA
load (see Results). Film exposures of varying duration were quanti-
tated to ensure linearity of film response to the hybridization. All
signals from the experimental probes were normalized to control
probes such as ,B-actin or oligo (dT)15. Hybridization of [32P]oligo
(dT)15 to filter-bound RNAwas performed using the method of Harley
(21). Relative abundance of actin and CETPmRNAwas calculated
from the slopes of the hybridization signals.

RNase protection assay
A CETPcRNA probe (minus strand) was obtained by in vitro tran-
scription from the T3 promotor of the Bluescript vector containing a

cloned 160-bp fragment of the human CETPcDNA, encompassing
nucleotides 727-887, which shows extensive homology with the rabbit
CETP sequence. RNAsolution hybridization was performed as de-
scribed by Melton et al. (22), with the modification that T2 RNase was

used for digestion after hybridization. Test total RNA(50 Mg) from
rabbit liver was dissolved in 30 M1 of 80% formamide, 40 mMPipes, 0.4
MNaCl, and 1 mMEDTA, pH 6.4, containing 1 X 105 cpm uridine
32P-labeled RNAprobe (sp act 4-6 x 10 cpm/Ag). After denaturation
at 850C for 5 min the mix was incubated overnight for 16 h at 48°C.
The next day samples were incubated for 2 h at 300C with 350 Mi buffer
containing 50 mMNa acetate, 0.1 MNaCl, 2 mMEDTA, pH 5.0, and
RNase T2 at a final concentration of 60 U/ml. The reaction was ex-

tracted with phenol/chloroform and the [32P]RNA-RNA hybrid pre-
cipitated with carrier tRNA and ethanol. The precipitate was washed
with 70% EtOH and analyzed on a 6%polyacrylamide-urea sequenc-
ing gel.

The protected fragment was visualized by autoradiography and
quantitated from Cerenkov radiation of cut out bands. Complete pro-
tection of the probe region homologous to human CETP mRNA
yielded a 160-nucleotide fragment as shown in Fig. 7. In control diges-
tions the 234-nucleotide probe (including Bluescript vector sequence)
was completely eliminated by digestion with T2 RNase in the presence
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of 50 ,ug yeast RNA. The CETPprobe is therefore a suitable reagent for
the quantitation of CETPmRNAby RNase protection.

Statistics
Results are given as mean±SEMvalues, and the significance of the
differences of mean values is assessed by t test. Two-way analysis of
variance and simple correlation analysis were performed using a stan-
dard software package.

Results

CETPmass measurements in rabbit plasma. A competitive
solid-phase RIA using the human CETPMAbTP-2 (5) was
used to measure CETPmass in rabbit plasma. It was antici-
pated that rabbit CETP would be well recognized by TP-2
since the sequence of rabbit CETP is almost identical to
human CETPin the region of the epitope (7). To validate the
assay for rabbit CETP, the displacement curves of control and
cholesterol-fed rabbit plasma samples were compared with a
standard human plasma pool of known CETPmass. Normo-
lipemic and hypercholesterolemic rabbit plasmas (data points
represented by circles and squares) produced displacement
curves that were parallel to the standard human plasma pool
(X's; Fig. 1) in the RIA. The curve for undiluted cholesterol-
fed rabbit plasma was markedly displaced from the standard
curve, indicating a higher mass of CETP(Fig. 1, open squares).
Subsequent assays of the plasma from cholesterol-fed rabbits
were performed at a 1:10 dilution (solid squares), which also
gave a displacement curve parallel to the human control.
Other experiments showed that the markedly increased lipo-
protein fraction in the plasma of cholesterol-fed rabbits did not
interfere in the assay (see Methods). These preliminary experi-
ments showed that the RIA was suitable for quantitation of
CETPin rabbit plasma, and suggested a pronounced increase
in mass of CETPin cholesterol-fed rabbit plasma compared
with control.

The RIA was then used to evaluate the levels of CETP in
plasma of 10 cholesterol-fed and 8 control animals. The mean
plasma cholesterol levels in rabbits fed cholesterol for 30 d was
1,539±238.3 mg/dl, compared with 42.13±8.45 mg/dl for
rabbits fed the chow diet for the same period. The RIA for
CETP revealed that cholesterol feeding increased CETP
plasma levels approximately threefold (P < 0.001) in the hy-

Figure 1. RIA of

plasma CETPin con-
80 trol and cholesterol-fed

rabbits. Plasma from a

60 \ \ rabbit fed either control
00m \ x chow (o) or chow sup-
aM \ 'o\ plemented with 10%

40 \ x corn oil and 0.5% cho-
lesterol (o) or a 1:1O di-

20 - X lution, (i) was assayed
as described in
Methods. Results are

512 256 128 64 32 16 8 4 expressed as percent of
DILUTION FACTOR maximal binding (no

plasma present) at each
dilution (B/BO). The standard curve (X) used for the determination
of mass in the assay included 1:4 to 1:1,000 dilutions of a human
plasma pool prepared from 10 normolipidemic donors and cali-
brated using purified CETP.

percholesterolemic rabbits (12.45±0.82 Ag/ml) compared with
controls (3.86±0.38 gg/ml).

CETPmRNAlevels in rabbit liver. To investigate the
mechanism of the increase in plasma CETPmass we measured
the relative abundance of CETPmRNAin livers of choles-
terol-fed and control rabbits. Initially, cross-hybridization of
the human CETPcDNAprobe with mRNAfrom rabbit liver
was assessed by Northern blot analysis. Poly A+ mRNApre-
pared from either human spleen (Fig. 2 A) (the richest source
of human CETPmRNA[6]), control rabbit liver (Fig. 2 B), or
cholesterol-fed rabbit liver (Fig. 2 C) was hybridized with a
32P-labeled human CETP cDNA probe. The human CETP
mRNAappears as a single transcript of 1.9 kb, while the rabbit
liver CETPmRNAwas slightly larger, 2.2 kb, as reported (6,
7). These results showed that the human CETPcDNAprobe
could be used specifically to measure rabbit CETP mRNA.
Cholesterol feeding of the rabbits resulted in a two- to threefold
increase in abundance of the 2.2-kb CETPmRNA(Fig. 2 C).
Similar results were obtained in three separate Northern blot
analyses.

Quantitation of CETPmRNAlevels in 1-mo cholesterol
feeding study. Using conditions that gave a specific signal for
the CETPmRNA(see Fig. 2), slot blot hybridization was used
to analyze samples from larger numbers of animals. Poly A+
RNAwas extracted from 8 control and 10 cholesterol-fed rab-
bit livers, pooled, and slot blotted, and the filters were probed
with 32P-labeled CETPcDNA. There was a linear response of
the hybridization signal with increasing amounts of RNAap-
plied to the slot blot (Fig. 3). As determined from the differ-
ence in the slopes (P < 0.001), there was a 2.6-fold increase in
liver CETPmRNAin cholesterol-fed rabbits compared with

A B C

28S--

1 8s
Figure 2. Northern blot analy-
sis of human and rabbit
mRNA.Polyadenylated
mRNAwas isolated as de-
scribed in Methods. 5 gg of
RNAfrom either human
spleen (A), control rabbit liver
(B), or cholesterol-fed rabbit
liver (C) was loaded on a
glyoxal/agarose gel, transferred
to Nytran, and hybridized to
the 32P-labeled human CETP
cDNA.
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Figure 3. Dose response
of slot blot for CETP
mRNA. Total RNA
was extracted by the
LiCl2/urea method
from livers of nine rab-
bits fed a high-choles-
terol diet for 30 d and
nine control animals.
Poly A+ mRNAwas
prepared and blotted as
described under
Methods. The figure

shows a linear plot of a slot blot containing increasing amounts of
rabbit liver mRNAhybridized to a 32P-labeled cDNAto human
CETP. The points shown represent the means±SEMof three control
pools (o, three animals each) or three cholesterol-fed pools (a, three
animals each) of poly A+ RNAapplied to the slot blot as increasing
dosage (2, 4, and 6 ,g).

controls. Further analysis of individual samples was performed
at a single RNAconcentration of 5 ,gg.

The autoradiogram of a slot blot probed with 32P-labeled
CETP cDNA, comparing individual liver mRNAsamples
from 10 cholesterol-fed to 8 control rabbits is shown in Fig. 4
A. Despite some variability among animals, the specific CETP
hybridization signal was noticeably increased in the majority
of the hypercholesterolemic rabbits compared with the con-
trols. The CETPmRNAsignal was increased (P < 0.01) from
1.54±0.20 arbitrary absorbance units in control rabbit liver to
4.33±0.60 arbitrary absorbance units in cholesterol-fed rabbit
livers. Rehybridization of the same blots with chicken i3-actin
cDNAprobe showed that liver fl-actin mRNAabundance was
unaltered (P > 0.5) in the rabbits fed high cholesterol diets
(1.1±0.13 relative units) when compared with the controls
(1.33±0.17 relative units). The liver CETP/actin mRNAratio
in rabbits fed high cholesterol diets was 2.8±0.6 times that of
controls (P < 0.05 by t test), suggesting a specific increase in
CETPmRNAin response to the high cholesterol diet.

Since actin mRNAlevels may vary substantially under
certain conditions (23, 24), the same filters were also hybrid-
ized with [32P]oligo (dT)15 to normalize signal strength for the
amount of poly A+ mRNAbound to each slot. The results
were identical using either actin or oligo (dT) probes, i.e., there
was no change in signal with cholesterol feeding. Hybridiza-

B

tion of liver mRNAsamples with cDNAprobes to albumin,
apo E, and LCAT demonstrated that the abundance of these
mRNAswas unaltered by the high cholesterol diet (not
shown). These observations indicate that the increase in CETP
mRNAis not a general response of liver proteins or apolipo-
proteins to the high cholesterol diet.

Tissue distribution of CETPmRNAwith cholesterolfeed-
ing. Slot blot hybridization of poly A+ RNAfrom different
tissues (Fig. 5) confirms that the liver is the major site of syn-
thesis of CETP mRNAin the chow-fed rabbit, as recently
reported (7). Liver CETPmRNAlevels were induced about
threefold with cholesterol feeding as expected. However, the
other tissues gave only a faint signal, close to the limit of
detection, or no signal, in both control and cholesterol-rich
diets (Fig. 5 A). Poly A+ mRNAfrom spleen and heart, which
gave faint nonspecific hybridization signals by slot blot analy-
sis, failed to demonstrate any specific signals by Northern blot
analysis, even at higher levels of RNAthan those used in slot
blot analysis (data not shown). [32P]Oligo (dT) hybridization of
the washed slot blot filter showed that similar amounts of poly
A+ mRNAhad been bound to the nitrocellulose for the dif-
ferent tissues (Fig. 5 B). Thus, in contrast to human CETP
mRNA,which is found in liver and also in the small intestine,
adrenal, and spleen (6), rabbit CETPmRNAin both control
and cholesterol-fed rabbits is restricted to the liver.

Relationship of liver CETPmRNAand plasma CETP
mass. The RIA values for the 1-mo cholesterol feeding study
were related to the relative mass of CETPmRNAfor the 10
individual cholesterol-fed rabbits and 8 controls (Fig. 6). Re-
gression analysis of the data revealed that plasma CETPmass
and liver CETP mRNAlevels were significantly correlated
with an r value of 0.71 (P < 0.005 by F test). However, inspec-
tion of the data (Fig. 6) reveals that the regression line is
heavily influenced by the clustering of low values in the chow-
fed animals, and there does not appear to be a significant
correlation between CETP mass and mRNAwithin each
group. Thus, the data suggest that the increase in CETP
mRNAis in part responsible for the increase in CETPmass in
cholesterol-fed animals, but that other factors also contribute
to variability in CETPlevels.

A
CETP

CON CF

BRAIN

B
OLIGO dT

CON CF
_

CETP ACTIN
CON C F CON C F Figure 4. Autoradio-

gram of slot blot of
*mow* *no -%*NW polyadenylated liver
_tw* _ RNAhybridized to 32P-

labeled CETPand actin
cDNA. Slot blot analy-
sis of liver poly A+

-~-- RNAfrom individual
_- g chow-fed rabbits (CON;

n = 8) and rabbits fed a

high cholesterol diet for
30d (CF;n= lO). The

_ _ blot was probed with
32P-labeled CETP
cDNA(A) or ,-actin (B).

_ow _aw-I
GUT

KIDNEY

LIVER _mu

HEART

SPLEEN

Figure 5. Tissue distribution of CETPmRNAin control vs. choles-
terol-fed rabbits. Pooled rabbit poly A+ mRNA(5 Mg) isolated from
various tissues of rabbits fed cholesterol-rich (CF; n = 4) or control
diets (C; n = 2) for 30 d was subjected to slot blot analysis and hy-
bridized with 32P-labeled CETPcDNA (A) using the conditions de-
scribed in Methods. Rehybridization with 32P-labeled oligo-(dT)15 is
shown in B.
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ZO-.a Figure 6. Relationship be-
E 15- 0 0

tween plasma CETPand liver
F100a / 0 0 CETPmRNA. RIA values for

W 10 the 1-mo cholesterol feeding
E / C-con study were correlated with the
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0 -CF relative mass of CETPmRNA
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2 4 6 8 terol-fed rabbits (o) and 8 con-
CETPmRNA(relative mass) trols (o).

Time course of changes in CETPmRNA.To document the
temporal changes in liver CETP mRNA, an RNase protec-
tion-solution hybridization assay was developed (see
Methods). Such assays are more sensitive and precise than
Northern or slot blots and can be performed on total RNA.
The RNase digestion resulted in a protected fragment of the
expected size (Fig. 7), which was quantitated. The time course
of changes in liver CETPmRNAand of plasma cholesterol are
shown in Fig. 8. Each point represents the mean±SEMvalue
(of four separate assays performed on two rabbits killed at each
time point). The data indicate an increase in CETPmRNA,
detectable at the earliest time point (3 d, P < 0.05 compared
with day 0), and gradually increasing to a value 2.9 times the
control (day 0) at 30 d.

Lovastatin study. Lovastatin, a hypocholesterolemic com-
pound that inhibits cholesterol biosynthesis, has been shown
to lower CETPactivity in rabbits (10). Therefore, lovastatin
was administered to rabbits for 7 d to determine if the drug-
induced hypocholesterolemia was associated with decreased
levels of CETPmass, and to further examine the relationship
between CETPmass and mRNAlevels. Basal levels of choles-
terol and CETPmass were measured in pretreatment plasmas
of control (n = 4) and lovastatin-treated (n = 4) animals. To
identify the drug-induced changes in plasma cholesterol the
values were expressed as percentages of the respective pre-
treatment (basal) values. No significant changes in either
CETPmass or mRNAlevels were found with lovastatin treat-
ment despite a decrease in plasma cholesterol to 49.5±6.02%
(P . 0.005 by t test) of basal values in the lovastatin-treated
group.

Discussion

In this study we have documented a pronounced increase in
the mass of CETP in hypercholesterolemic rabbit plasma,
clearly showing that changes in plasma CE transfer activity (3,

Figure 7. Characterization of rabbit
-194 CETPmRNAby RNase protection. The

CETPRNAprobe corresponding to nu-
cleotides 727-887 of the human cDNA

_ was hybridized to 50 ,gg of RNAfrom
rabbit liver at either day 0 or day 3 on a
high cholesterol diet, as described in
Methods. The samples were digested with
22 U of T2 RNase and analyzed by elec-

- 118 trophoresis on a 7 Murea, 6%polyacryl-
amide gel. The figure indicates the posi-
tion of radiolabeled XX 174/Hae III re-

Day 0 3 striction fragments used as size markers.

12 Figure 8. Time course
,,' of diet-induced changes

v1 DO ? in CETPmRNAand
0 a cholesterol levels. Rab

l Q bits were fed control
0400 I8..E diets(t = 0) or high

r cholesterol diets for*!6300 *HI'll 6 j varying amounts of
U time and liver CETP

200 . 4 mRNAlevels (.) and4

E /I - plasma cholesterol (o)
a. 100 22 were measured in pairs

. 1 , of rabbits killed at each

0 5 10 5 20 25 30 time point. CETP
Days mRNAwas measured

in total RNA(50 Ag) by
RNase protection-solution hybridization and each point represents
the means±SEMof four separate assays performed on a pair of ani-
mals. A single protected fragment was observed at each time point.

8) can be due to changes in CETPmass. Wealso show for the
first time changes in CETPmRNAlevels, indicating that
CETPgene expression may be sensitive to changes in meta-
bolic or nutritional state. As determined by three different
approaches (slot and Northern blots of poly A+ RNAand
RNase protection-solution hybridization of total RNA) there
was a threefold increase in liver CETPmRNAafter 30 d on a
high cholesterol, high fat diet. The increase in CETPmRNAis
restricted to the liver, begins within 3 d, and represents a spe-
cific change in CETPexpression rather than a general response
of a variety of hepatic mRNAsto the atherogenic diet.

This study was prompted by the finding of increased CE
transfer activity in the plasma of rabbits fed high cholesterol,
high fat (3, 8), or saturated fat diets (8). Several factors influ-
ence CETPactivity, such as inhibitory proteins ( 11) or changes
in substrate composition (25). However, the present study doc-
uments for the first time an increase in CETPmass by a defin-
itive approach (RIA). The increase in CETP(three times) is
sufficient in magnitude to account for a two- to fourfold in-
crease in CETPactivity (previously noted in reference 3).

An increase in plasma CETPmass could be brought about
either by changes in half-life, or by an increase in the synthesis
rate of the CETP associated with more abundant CETP
mRNA. Increased CETP production (versus catabolism)
seems a sufficient explanation for the substantial difference in
CETPlevels seen in hypercholesterolemia, since the threefold
increase in plasma CETP levels as measured by RIA were
similar in magnitude to mRNAincreases in the rabbit liver.
However, there was considerable variability in CETPmRNA
levels among cholesterol-fed animals with similar plasma
CETP levels (Fig. 6), suggesting that other factors may also
influence plasma CETP.

In general, hepatic CETPmRNAlevels (7) seem to corre-
late with variations in plasma CETPmass or activity in differ-
ent species (26) as well as in the cholesterol-fed rabbit, imply-
ing that liver synthesis also plays a major role in explaining
species differences in plasma CETP levels and activity. For
example, plasma CETP mass (determined by RIA) was ap-
proximately two times higher in rabbit plasma than in humans
(Fig. 1) and five- to tenfold higher in monkey plasma than in
human, in parallel with comparative abundance of CETPliver
mRNAfor both species (unpublished results). An additional
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source in humans could be extrahepatic synthesis in the small
intestine, adrenal gland, or spleen. CETPmRNAcould arise
from activated lymphocytes or macrophages (27) in the spleen.
The CETPmRNAin rabbit liver could be present in hepato-
cytes or tissue macrophages. However, the absence of detect-
able CETPmRNAin rabbit spleen (Fig. 5) suggests that mac-
rophages are not likely to be a source of CETPmRNAin the
rabbit. The detection of CETPmRNAin isolated hepatocytes
(6) and the synthesis of CETPin HepG2 cells (28, 29) implies
that hepatocytes may be responsible for CETPsynthesis within
the liver.

Although a large number of genes play important roles in
the metabolism of lipoproteins (30), only a limited number of
genes have been found to have altered expression in response
to dietary changes. For example, in the rabbit fed high choles-
terol diets there are marked increases in the plasma levels of
apo E and apo B, but liver mRNAlevels for apo E are un-
changed (31) and apo B mRNAlevels are actually decreased
(32). Differences in apo E and B plasma levels, therefore, are
more closely related to differences in their fractional catabolic
rates resulting from downregulation of hepatic LDL receptors
(31, 32). The tandem linkage of the genes for CETPand LCAT
at chromosome 16q12-2 1 and 16q22, respectively (33, 34),
and the related functions of their gene products, suggested to
us that the LCAT gene might be coordinately regulated with
CETP. However, in rabbit liver, LCAT as well as albumin,
actin, and apo E mRNAlevels did not change with cholesterol
feeding in the present study.

CETPactivity has been reported to be altered in a variety
of different nutritional states (3, 8) and in pregnancy (9), sug-
gesting that CETP gene expression might be sensitive to a
variety of dietary, drug, or hormonal stimuli. However, CETP
activity measurements are influenced by several factors other
than mass, and further studies are required. In the present
study we failed to find an effect of lovastatin on CETPmass, in
contrast to a decrease in CETPactivity previously noted (10).
This could be because activity measurements were influenced
by some other change (e.g., the decrease in HDLmass [10]).

CETP has been shown to play a significant rate-limiting
role in the catabolism of HDL CE in the rabbit, probably
promoting the movement of CE from plasma to the liver (35).
The major physiological role of CETPmay be to transfer the
LCAT-derived CE to a pool of triglyceride-rich lipoproteins
which undergo rapid catabolism and hepatic uptake by the
chylomicron remnant receptor, or get converted into IDL or
LDL and taken up by the LDL receptor. Since the HDLCE
are derived in part from phospholipids and cholesterol trans-
ferred into HDLfrom the surface of triglyceride-rich lipopro-
teins during lipolysis (36), the activity of CETPmay be seen as
a way of returning chemical moieties of surface lipids of tri-
glyceride-rich lipoproteins to the liver. The CETPpathway has
the potential to recycle CEto the liver independent of the LDL
receptor, and thus may be particularly important when the
LDL receptor is downregulated, such as in response to the
atherogenic diet. This may provide a potential teleological ex-
planation for the induction of CETPmRNAand mass in re-
sponse to the atherogenic diet.
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