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Abstract

This study was undertaken to determine potential tissue
sources of plasma cholesteryl ester transfer protein (CETP),
and to assess the influence of CETP on lipoprotein concentra-
tions and atherosclerosis. In a group of 28 cynomolgus mon-
keys fed high fat, high cholesterol diets, plasma CETP concen-
tration was strongly correlated with the abundance of CETP
mRNA in liver and in adipose tissue, and with the output of
CETP in liver perfusates. Plasma CETP concentration showed
a strong inverse correlation with HDL cholesterol concentra-
tions (r = —0.62, P < 0.001) and a positive correlation with
LDL cholesterol concentration (r = 0.54, P < 0.005) and molec-
ular weight (r = 0.57, P < 0.001). The extent of coronary artery
atherosclerosis was positively correlated with LDL cholesterol
concentration and molecular weight, and with plasma CETP
concentration. Thus, in monkeys fed an atherogenic diet, indi-
vidual variation in CETP mRNA abundance in liver and adi-
pose tissue probably plays a major role in the determination of
plasma CETP levels. In plasma, CETP influences the distribu-
tion of cholesteryl esters between LDL and HDL, and CETP
concentration appears to be a key determinant of the relative
atherogenicity of the plasma lipoproteins. (J. Clin. Invest.
1991. 87:1559-1566.) Key words: lipid transfer protein * low
density lipoprotein « high density lipoprotein « atherosclerosis ¢
dietary fat

Introduction

In humans and in monkeys increased concentrations of LDL
(1, 2) and reduced concentrations of HDL (3, 4) are risk factors
for the development of atherosclerosis. The plasma cholesteryl
ester transfer protein (CETP)' catalyzes the transfer of choles-
teryl esters from HDL to other lipoproteins (5). Humans with
genetic deficiency of CETP have markedly increased HDL as
well as reduced LDL (6). Furthermore, low CETP activity has
also been associated with the accumulation of larger, choles-
teryl ester—enriched HDL subfractions (7-9). However, it is not
known to what extent physiological variation of CETP influ-
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ences lipoprotein concentrations. Plasma CETP has been pro-
posed to be either an antiatherogenic factor, promoting the
transfer of cholesteryl ester from HDL to triglyceride-rich lipo-
proteins as part of the process of reverse cholesterol transport,
or as a proatherogenic factor, facilitating accumulation of cho-
lesteryl esters in the atherogenic remnants of triglyceride-rich
lipoproteins (5). Humans with CETP deficiency may be pro-
tected from atherosclerosis, but the relationship of CETP to
atherosclerosis has not been examined systematically (10).
Plasma CETP is increased in rabbits fed an atherogenic diet, in
association with an increase in liver CETP mRNA (11). These
findings suggest that tissue CETP mRNA levels may be an
important source of plasma CETP variation. The goals of this
study were (a) to determine the relationship of plasma CETP
with lipoprotein levels in monkeys fed atherogenic diets; (b) to
examine the relationship of plasma CETP with coronary artery
atherosclerosis; (c) to determine potential tissue sources of
plasma CETP by measuring tissue mRNA levels; and (d) to
determine the effects of diet composition (polyunsaturated vs.
saturated fat; high vs. low cholesterol) on plasma CETP con-

centration.

Methods

Animals, diets, and liver perfusion. Study 1: Male cynomolgus mon-
keys were fed diets containing 0.2 mg of cholesterol/kcal and 40% of
calories as fat for 5 yr. Half of the animals (n = 14) were fed adiet rich in
saturated fat (polyunsaturated to saturated [P/S] ratio = 0.3), and half
received a diet rich in polyunsaturated fat (P/S = 2.2). At necropsy,
tissues were collected and frozen for storage at —70°C. Liver perfusion
was performed as described (12). Briefly, isolated livers were perfused
with medium consisting of Krebs-Henseleit original Ringer’s bicarbon-
ate buffer containing D-glucose, amino acids, insulin, hydrocortisone,
streptomycin, penicillin, and washed human erythrocytes at 20% he-
matocrit, pH 7.4. Medium containing 2% human serum albumin (Cut-
ter Laboratories, Inc., Berkeley, CA) and fatty acid (oleate) was infused
at a rate of 0.1 umol/min/g while taurocholate was infused at a rate of
0.036 mg/min to 100 g liver. A 90-min period of recirculating perfu-
sion was followed by noncirculating perfusion, to flush the liver free of
the original perfusion. Recirculating perfusion was resumed with
~ 300 ml of fresh media for 4 h. Liver viability criteria were liver color,
rate of bile production, rate of oxygen consumption, and linear rate of
perfusate cholesterol accumulation. Study 2: Young adult male cyno-
molgus monkeys (5 kg) were fed high fat diets containing 40% of calo-
ries as fat, either saturated (P/S = 0.3) or polyunsaturated (P/S = 8.0)
and cholesterol, either 0.04 mg/kcal (low cholesterol) or 0.4 mg/kcal
(high cholesterol). Animals were maintained on the diets for 3 yr. Liver
perfusion was for 4 h as described above.

Coronary artery intimal area. The heart was removed for morpho-
metric determination of coronary artery intimal area, as described (13).
15 blocks were cut perpendicular to the long axis of the arteries; five
serial blocks were cut from each of three coronary arteries (the left
circumflex, the left anterior descending, and the right coronary artery).
Intimal areas, representing the amount of atherosclerotic plaque seen
in cross section of various coronary arteries, were determined by digi-

Lipid Transfer Protein and Lipoprotein Levels 1559



tizing the area between the internal elastic lamina and the luminal
surface of each coronary artery section (13).

CETP mass, HDL cholesterol, and LDL cholesterol and molecular
weight determination. CETP mass and the rate of CETP accumulation
in perfusate medium was determined by solid phase competitive RIA
(14). HDL and LDL were chromatographically separated from other
lipoproteins on agarose columns, and cholesterol was determined by
standard methods (15). LDL molecular weight was measured using the
agarose column method after isolation of the d < 1.225 g/ml lipopro-
teins from plasma (16). HDL subfractions were separated and quanti-
tated as previously described (17). Apolipoproteins A-I and B were
assayed in whole plasma using a noncompetitive ELISA (18, 19).

Isolation of cellular RNA, probes, and solution hybridization. Total
cellular RNA from monkey liver, adipose, and peripheral tissues was
prepared by the LiCl,/urea extraction method (20) and the integrity
assessed by agarose/borate gel electrophoresis. In a preliminary experi-
ment a single 2.2-kb mRNA was detected in a Northern blot of monkey
liver RNA, using a full-length human CETP ¢cDNA probe. CETP
mRNA was quantitated in liver and other tissues of the monkey by
RNAse protection assay, using an RNA probe prepared from the hu-
man CETP cDNA. An antisense RNA probe (KS+ CETP 726-892)
was synthesized using [*?PJUTP and hybridized to 25-50 ug total cellu-
lar RNA at 48°C followed by digestion with RNase T2 at 30°C for 2 h.
Protected fragments were analyzed by denaturing polyacrylamide gel
electrophoresis and RNA mass was determined as described previously
(11). After hybridization with monkey RNA, the human cRNA probe
yielded a nuclease-resistant fragment of the expected molecular weight,
confirming complete or nearly complete homology between the hu-
man probe and the monkey CETP mRNA sequence, and validating the
assay for use with monkey RNA. Apo A-l, apo B, and LDL receptor
mRNAs were measured by DNA-excess solution hybridization assays
using single stranded cDNA probes prepared from appropriate sub-
clones in bacteriophage M13 as described (19, 21).

Statistical analysis. Regression analysis was carried out using the
BMDP9R statistical program for all possible regressions (BMDP Statis-
tical Software, Inc., Los Angeles, CA). One animal was excluded from
the analysis on the basis of an outlying plasma CETP value. However,
the inclusion of this animal did not change any of the major conclu-
sions.

Results

Abundance of CETP mRNA in monkey tissues. To determine
its major tissue sources in the monkey, the CETP mRNA was
quantitated by RNAse protection assay in RNA isolated from
the liver and 11 other tissues of two male cynomolgus mon-
keys. Table I shows the abundance of the CETP mRNA ex-
pressed as pg CETP mRNA/ug total RNA. Liver and adipose
tissues were found to contain the highest levels of the CETP
mRNA. By contrast, muscle, spleen, small intestine, adrenal,
and kidney each had less than one twentieth the liver CETP
mRNA concentration. Adipose tissue has recently been found
to be a major source of CETP mRNA in a variety of mamma-
lian species, including humans (22). In the cynomolgus mon-
key, omental, perirenal, and subcutaneous fat each had levels
of CETP mRNA comparable to liver. To evaluate effects on
plasma CETP and lipoprotein concentrations, the abundance
of the CETP mRNA was determined in liver and omental adi-
pose tissue in study 1.

 Effect of dietary fat saturation on plasma lipoprotein and
CETP parameters (study 1). Plasma lipid, lipoprotein, and
apolipoprotein concentrations, various parameters of CETP
gene expression, and abundance of some other potentially rele-
vant mRNAs were determined in a group of 28 cynomolgus
monkeys fed diets high in fat (40% of calories) and moderately
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Table I. CETP mRNA in Liver, Adipose, and Other Tissues
of Cynomolgus Monkeys

Relative amounts of

Tissue CETP mRNA CETP mRNA

pg/ug RNA Percent of liver
Liver 3.00 100
Perirenal fat 4.80 160
Subcutaneous fat 1.80 59
Omental fat 1.00 33
Spleen 0.70 5
Adrenal 0.06 2
Kidney 0.07 2
Duodenum <0.05 —
Skelelta muscle <0.05 —
Brain <0.05 —
Lung <0.05 —
Testis <0.05 —

CETP mRNA was measured in total RNA extracted from the indi-
cated tissues by RNAse protection assay. Total RNA was quantitated
by Azeonm- Tissues from two monkeys were used for each peripheral
tissue analysis and values represent the means.

enriched in cholesterol (0.2 mg/kcal) for 5 yr (Table II). Half of
the animals received a diet rich in saturated fat (P/S ratio = 0.3)
and half received a diet rich in polyunsaturated fat (P/S = 2.2).
The moderate dietary cholesterol content induced a level of
hypercholesterolemia in this species comparable to that of hu-
mans. Comparing the mean values for animals receiving the
two diets, only HDL cholesterol and plasma apo A-I concen-
trations showed significant differences between the two diet
groups, with a 27% reduction in both measurements on the
high polyunsaturated fat diet. Plasma cholesterol, LDL choles-
terol, and apoB measurements tended to be lower in the group
receiving the high polyunsaturated fat diet, but the differences
between the groups were not statistically significant. The con-
centration of CETP in plasma, the output of CETP in liver
perfusates, and the abundance of CETP mRNA in adipose tis-
sue and liver were no different between the two diet groups. In
addition, there were no significant differences in the abun-
dance of various liver mRNAs or in the extent of coronary
artery atherosclerosis. Despite the lack of difference between
the two diet groups, there was considerable variation amongst
animals in the various CETP parameters, providing the oppor-
tunity to test the hypotheses that plasma CETP level is deter-
mined in part by synthesis in liver and adipose tissue, and that
variation in plasma CETP influences the distribution of choles-
teryl esters between LDL and HDL.

Determinants of plasma CETP concentration. Since there
was no difference in CETP parameters between the diet groups,
the data for both diets were combined for correlational analy-
sis. There was a strong correlation between liver CETP mRNA
abundance and plasma CETP concentration (Fig. 1 4, r=0.70,
P < 0.001, n = 27). Also, there was a weaker but significant
relationship between adipose tissue mRNA levels and plasma
CETP (Fig. 1 B, r = 0.51, P < 0.02, n = 24; adipose tissue was
not available for analysis of CETP mRNA in three monkeys).
One animal was excluded from the analysis because of outlying
values for both adipose tissue mRNA abundance (18 pg/ug



Table II. Dietary Effects on Plasma Lipoprotein and CETP

Parameters
Diet Saturated Polyunsaturated  Significance
n=14 n=14 P value
Plasma cholesterol
Total (mg/dl) 309116 268+106 NS
LDL (mg/dl) 222495 195+100 NS
HDL (mg/dl) 59+20 43+21 0.05
Plasma apolipoproteins
Apo A-1 (mg/dl) 184+41 134+32 0.001
Apo B (mg/dl) 205+59 164158 NS
Apo E (mg/dl) 11.2+4.0 11.0£6.6 NS
Apo A-I mRNA (pg/ug
RNA) 50+9 55+13 NS
Apo B mRNA (pg/ug
RNA) 14579 98+48* NS
LDL-R mRNA (pg/ug
RNA) 1.7+1.1% 1.6+0.7% NS
CETP
Plasma (ug/ml) 24+7 27+14 NS
Perfusate (ug/h/100 g
liver) 13.4+4.6 15.2+11.6 NS
Hepatic mRNA (pg/ug
RNA) 1.5+0.6 1.8+1.0 NS
Fat mRNA (pg/ug RNA) 1.3+1.5% 1.9+1.4% NS
Coronary intimal area
(mm?) 0.57+0.48 1.02+1.27 NS

Values are mean+SD. All animals were fed experimenal diets for 5 yr.
*n=1L*%n=12;%n=13.

RNA) and plasma CETP concentration (65 ug/ml). Inclusion
of this animal caused a disproportionate increase (to 0.8) in the
correlation between plasma CETP and fat CETP mRNA. No
correlation was found between liver and adipose tissue mRNA
levels. Multiple regression analysis showed that both liver and
adipose tissue mRNA levels were independently and signifi-
cantly correlated with plasma CETP concentration (y = 11.3
+ 6.3 x; + 1.6 x,; y indicates plasma CETP [ug/ml], x, indi-
cates liver CETP mRNA [pg/ug RNA], x, indicates fat CETP
mRNA [pg/ug RNAJ; n = 24, R?> = 0.65, P, < 0.001, and P,
< 0.05]). These data suggest that both liver and, to a lesser
extent, adipose tissue, are significant sources of plasma CETP.
To evaluate further the contribution of hepatic CETP pro-
duction to plasma CETP, the output of CETP in liver perfus-
ates was determined. Hepatic CETP mRNA abundance was
highly correlated with the output of CETP in liver perfusates
(Fig. 2 A, r = 0.67, P < 0.01). In turn, hepatic output of CETP
was highly correlated with plasma CETP concentration (Fig. 2
B, r=0.76, P <0.001). Although the data in Fig. 2 B are shown
as a linear regression analysis, the data could also be fitted by a
curvilinear relationship, with lesser increases in plasma CETP
concentration as the liver output of CETP rises above ~ 10
ug/h/100g. These correlations strongly suggest that liver CETP
mRNA abundance and the output of liver CETP are major
factors determining plasma CETP concentration.
Relationship of CETP with plasma lipoprotein and apolipo-
protein concentrations. Among all animals, there was a striking
inverse relationship between plasma CETP concentration and

plasma HDL cholesterol (Fig. 3 4, r = —0.62, n = 27, P
< 0.001); similar inverse correlations were found in both diet
groups (not shown). Analysis of HDL subfractions indicated
that the strongest correlations occurred between plasma CETP
and the larger HDL subclasses (17); plasma CETP was in-
versely correlated with HDL,, and HDL,, cholesterol, r
= —0.67 and —0.70, respectively, P < 0.0005. By contrast,
HDL,, and HDL,_, showed correlation coefficients of —0.36
and —0.09. Plasma CETP was also inversely correlated with the
plasma concentration of the major HDL protein, apolipopro-
tein A-I, (Fig. 3 B, r = —0.43, P < 0.05). The abundance of apo
A-I mRNA in liver is an important determinant of differences
in plasma apo A-I concentration in different species of monkey
(21). However, there was no correlation between liver apo A-I
mRNA abundance and HDL cholesterol (Fig. 3 C, n = 27) or
plasma apo A-I when individual cynomolgus monkeys were
compared. Also, the total secretion of cholesterol by the liver,
an indicator of the general level of lipoprotein secretion, was
not related to plasma HDL cholesterol (Fig. 3 D) or apo A-I
concentrations. Individual monkeys showed a significant in-
verse correlation between HDL and LDL cholesterol concen-
tration (r = —0.58, P < 0.002; not shown).

A significant positive relationship was found between con-
centrations of plasma CETP and LDL cholesterol (Fig. 4 4, r
= 0.54, n = 27, P < 0.005) and between plasma CETP concen-
tration and LDL molecular weight (Fig. 4 B; r = 0.57, P
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Figure 1. Correlation between hepatic or omental fat mRNA abun-
dance and plasma CETP concentrations. Data points represent indi-
vidual cynomolgus monkeys fed one of two atherogenic diets con-
taining 0.2 mg/kcal cholesterol and 40% of calories as fat. The data
for the two diets are combined since there was no significant differ-
ence in the CETP mean response on either diet. CETP mRNA was
quantitated by RNase protection assay in 25-50 ug of total RNA
isolated from either monkey liver (n = 27) or adipose tissues (n = 24).
Plasma CETP was measured by radioimmunoassay and was corre-
lated with the mass of CETP mRNA. (4) Comparison of liver mRNA
and plasma CETP, r = 0.70, P < 0.001. (B) Comparison of adipose
mRNA and plasma CETP, r = 0.51, P < 0.02.
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Figure 2. Relationship of liver perfusate CETP secretion rate and he-
patic CETP mRNA abundance (4) and liver perfusate CETP secre-
tion rate and plasma CETP concentration (B). The CETP secretion
rates are shown for 27 individual monkeys, measured during 4 h of
liver perfusion and normalized for a 100-g liver. The correlation co-
efficients for the data shown were r = 0.67, P < 0.01 (4); and r = 0.76,
P < 0.001 (B).

< 0.001, n = 27). Also, CETP was positively correlated with
plasma apo B concentration (Fig. 4 C; r = 0.47, P < 0.02).
Other variables that might potentially influence LDL concen-
trations (the output of cholesterol and apo B in liver perfusates,
and liver LDL receptor mRNA levels) showed no significant
correlations with plasma LDL cholesterol (r values = 0.20,
0.17, and 0.00, respectively) or apo B concentrations. The data

for LDL receptor mRNA abundance is shown in Fig. 4 D.
Similarly, in multiple regression analysis, the addition of each
of these variables to plasma CETP did not significantly im-
prove the multiple correlation for LDL cholesterol concentra-
tion. These data suggest that plasma CETP concentration may
be an important determinant of the amount of cholesterol
transported in LDL.

Relationship of CETP with the extent of coronary artery
atherosclerosis. Plasma lipoprotein and CETP concentrations
were correlated with the extent of coronary artery atherosclero-
sis. The amount of coronary artery intimal thickening was de-
termined by morphometric assessment of coronary artery inti-
mal area at necropsy. For each animal, the mean intimal area
was determined for five cross-sections on each of three coro-
nary arteries (left anterior descending, left circumflex, and right
coronary artery). The response of individual animals was
highly variable, with mean +SD intimal areas ranging from
0.0076+0.0146 to 3.6401+2.3529 mm? (polyunsaturated
group) and from 0.0018+0.0065 to 1.5443+0.5883 mm? (satu-
rated group). In view of the nonnormal distribution of this
data, the mean values for coronary artery intimal area were
log-transformed prior to correlational analysis.

The major correlates of coronary artery atherosclerosis are
shown in Fig. 5. Plasma LDL cholesterol concentration was
strongly correlated with the extent of atherosclerosis (r = 0.80,
n =28, P <0.0001). Other measurements reflecting LDL mass
(apo B levels, total plasma cholesterol, and LDL molecular
weight) were significantly but not as strongly correlated with
coronary artery intimal area. Plasma CETP concentration also
showed a strong, significant positive correlation with coronary
artery intimal area (Fig. 4 B, r = 0.58, P < 0.001). HDL choles-
terol levels showed a weak, marginally significant inverse rela-
tionship with coronary intimal area (Fig. 4 C, r = —0.40, P
= 0.05). In multiple regression analysis, only LDL cholesterol
appeared as an independent variable significantly correlated
with coronary artery atherosclerosis. Specifically, the addition
of plasma CETP concentration and HDL cholesterol did not
significantly change the multiple R value derived from LDL
cholesterol alone. This analysis suggests that the correlation
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between CETP and coronary atherosclerosis reflects the associa-
tion of CETP and LDL cholesterol levels, and that plasma
CETP concentration does not have independent effects on ath-
erosclerosis in this experimental model.

Diet-induced changes in CETP and HDL cholesterol (study
2). In the study described above there was no difference in
plasma CETP levels in animals receiving the two different
types of dietary fat. All animals received the same amount of
dietary cholesterol. Determination of plasma CETP concentra-
tion in eight cynomolgus monkeys receiving monkey chow
(nonsimultaneous control animals) showed a mean plasma
CETP concentration of 15+3 mg/dl, suggesting that plasma
CETP concentration was increased ~ 1.7-fold as a result of the
high fat, high cholesterol diet (Table II). To determine if these
changes were primarily due to the increase in dietary choles-
terol or in dietary fat content, CETP parameters were deter-
mined in four small groups of monkeys fed high fat diets (high
polyunsaturated fat or high saturated fat) at two levels of di-
etary cholesterol (study 2). As in study 1, there was no differ-
ence in response between the animals receiving high saturated
or high polyunsaturated fat even when the degree of polyunsa-
turation was exaggerated (not shown). However, when the data
were analyzed according to the cholesterol content of the diet,
there were marked differences in plasma CETP and HDL cho-
lesterol concentrations (Table III). In the high cholesterol
group plasma CETP concentration and hepatic output of
CETP were approximately twice that in the low cholesterol
group. There was a marked reduction in HDL cholesterol con-
centration in the high cholesterol group, compared with the
low cholesterol group. Analysis of hepatic CETP mRNA was
attempted, but several of the samples were found to be de-
graded (as assessed by analysis of RNA in borate-agarose gels),
and the data was not considered reliable. Correlational analysis
showed a significant inverse relationship between plasma
CETP concentration and HDL cholesterol (r = —0.51, P
< 0.05, n = 17) in the animals in this study. The analysis of
data in study 2, combined with the data from control animals,
suggests that the increase in dietary cholesterol is the major
factor determining the increase in plasma CETP concentration

LDL-R mRNA (pg/ug RNA)

ular weight was determined by the

2 3 4 5
agarose column chromatography.

in response to an atherogenic diet. Also, the data suggest that
the decrease in HDL cholesterol in response to increased di-
etary cholesterol may be due in part to increased plasma CETP
concentration.

Discussion

The major goals of this study were to relate variation in plasma
CETP levels to plasma lipoprotein concentrations and athero-
sclerosis in a group of cynomolgus monkeys that had been fed
moderately atherogenic diets for a period of five years. There
were striking inverse correlations of plasma CETP with HDL
cholesterol and apo A-I and positive correlations with LDL.
cholesterol and apo B, suggesting that CETP may be an impor-
tant determinant of individual variability in HDL and LDL
levels. The potential relevance of CETP in this regard was high-
lighted by the fact that several other potential regulatory factors
(liver LDL receptor mRNA, apo A-I mRNA, and apo B
mRNA) bore no relationship with LDL or HDL cholesterol
measurements. The plasma CETP concentration was also
found to have a positive relationship with coronary artery ath-
erosclerosis, apparently reflecting effects of CETP on LDL cho-
lesterol levels. The plasma CETP levels, in turn, were strongly
related to CETP mRNA abundance in liver and adipose tissue,
and to the output of CETP in liver perfusates. Thus, the individ-
ual animal’s liver and adipose tissue CETP mRNA levels, prob-
ably determined by genetic and dietary factors (11), may ulti-
mately influence plasma lipoprotein levels and atherogenesis.
The simplest explanation for the opposite correlations of
CETP mass with LDL and HDL cholesterol is that CETP cata-
lyzes the transfer of cholesteryl esters from HDL to LDL or its
precursors, and thereby influences the steady-state concentra-
tion of cholesterol (mostly cholesteryl ester) carried in each
particle. Supporting this idea was the finding that in individual
animals, there was an inverse relationship between HDL and
LDL cholesterol concentration. A number of earlier studies
(summarized in [5]) have suggested that the rate of transfer of
cholesteryl ester from HDL to other lipoproteins is a determi-
nant of plasma HDL concentration. However, the rate of cho-
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Figure 5. Relationship of coronary artery intimal area and plasma
LDL cholesterol concentration (4), plasma CETP concentration (B),
and plasma HDL cholesterol concentration (C). (4) Positive rela-
tionship of intimal area with LDL cholesterol concentration (r = 0.80,
P < 0.0001). (B) Positive relationship between intimal area and
plasma CETP concentration (r = 0.58, P < 0.001). (C) Negative rela-
tionship of HDL cholesterol with intimal area (r = —0.40, P < 0.05).
The extent of coronary artery atherosclerosis was determined by
morphometric measurement of intimal areas at necropsy for the 27
individual animals. The data were log transformed before correla-
tional analysis due to the nonnormal distribution.

lesteryl ester transfer between lipoproteins was thought to be
largely determined by the level of plasma triglycerides (23).
Our findings, as well as other recent data on families with ge-
netic CETP deficiency (10), imply that individual variability in
plasma CETP concentration influences the efficiency of the
transfer process.

In addition to the apparent effect of CETP on the amount
of cholesterol transported per particle (i.e., LDL molecular
weight), there was also a correlation of CETP with apo B con-
centration (Fig. 4), suggesting that CETP might influence the
number of LDL particles in plasma. A similar finding has been
made in families with genetic CETP deficiency (10). The data
in Fig. 3 show a difference in HDL cholesterol concentration of
~ 60 mg/dl, comparing animals at the extremes of plasma
CETP concentration. In Fig. 4, the difference in LDL choles-
terol concentration at the extremes of CETP is ~ 200 mg/dl.
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This indicates that the major part of the apparent effect of
CETP on LDL cholesterol cannot be attributed to a simple
transfer of cholesterol from HDL. In fact, the decrement in
HDL cholesterol (60 mg/dl) as CETP concentration rises (Fig.
2) approximates the increase in cholesterol mass in LDL attrib-
utable to a molecular weight increase from ~ 2.75 to 3.75 g/
umol (Fig. 3), assuming a constant number of LDL particles.
Thus, the CETP-mediated transfer of cholesteryl esters from
HDL to LDL may account for the increase in molecular weight
of LDL as the plasma CETP concentration rises from 10 to 35
pg/ml. The other two thirds of the increase in LDL cholesterol
apparently results from an increase in LDL particle number.
Plasma CETP concentration could also affect the number of
LDL particles in plasma, either by influencing the formation or
catabolism of LDL. Previously it has been suggested that CETP
may influence the apo E content of LDL precursor particles,
thereby affecting their rate of removal by the liver (10, 24).
Alternatively, LDL particle number and plasma CETP con-
centration may both be responding to a third factor. For exam-
ple, the increased dietary cholesterol could cause both down-
regulation of LDL receptors in the liver, and also an increase in
hepatic CETP mRNA, resulting in a spurious correlation be-
tween plasma CETP and LDL concentrations. However, sev-
eral candidate ‘‘third factors,” such as liver LDL receptor
mRNA, liver apo B mRNA, or total cholesterol output by the
liver, failed to show any correlation with LDL cholesterol lev-
els. Thus, the hypothesis that plasma CETP concentration in-
fluences LDL particle number remains viable.

The results of these monkey studies may be partly applica-
ble to humans. Similar correlations between CETP and HDL
and LDL cholesterol concentrations have been observed in
families with genetic CETP deficiency (6, 10). In human stud-
ies the strongest inverse correlations are noted between CETP
and HDL-2 cholesterol levels (6, 10), as also noted in this study,
whereas correlations with total HDL cholesterol are weaker
(10) or nonexistent (14). This could represent a species differ-
ence or the fact that the measurements made in human beings
have been made without the dietary or environmental control
available for monkeys. Several factors influencing HDL choles-
terol concentrations in humans, such as obesity or hepatic li-
pase activity, are absent in the monkey studies, since the mon-
keys are not obese and also have uniformly low hepatic lipase

Table I11. Effects of High Cholesterol vs. Low Cholesterol Diets
on Plasma Cholesterol Concentration, Hepatic CETP mRNA
Abundance, and CETP Concentrations in Plasma and Liver

Perfusates

Plasma cholesterol CETP
Diet Total HDL Perfusate Plasma
mg/dl mg/dl ug/h/100 g ug/mi
Low cholesterol
n=17 170+8 63+6 12+2% 15+2
High cholesterol
(n=10) 360+15 30+3 18+3% 28+3
P value <0.0001 <0.0001 NS <0.01

All values represent means+SEM. n, number of monkeys per group;
*n,6;%n,7.



activity (25). To discern effects of CETP in human cross-sec-
tional studies, it may be necessary to measure several covari-
ates also influencing HDL cholesterol concentrations. Correla-
tion of CETP with LDL cholesterol may be particularly clearly
seen in monkeys, because they have very low levels of VLDL
(1-2% of total plasma cholesterol) (25); VLDL may also act as
acceptors of HDL cholesteryl ester in humans. In addition, the
monkeys all received identical cholesterol-rich diets, which re-
sult in downregulation of hepatic LDL receptors (19), perhaps
diminishing this factor as a source of variation in LDL. In
human hyperlipidemia, CETP might promote accumulation
of cholesteryl esters in either VLDL and/or LDL, depending on
which lipoprotein class is increased as a result of an underlying
metabolic derangement.

As in an earlier study in rabbits (11), liver CETP mRNA
content was found to be correlated with plasma CETP concen-
tration. These findings were extended in this investigation by
showing an even stronger correlation between liver perfusate
CETP concentration and plasma CETP (Fig. 2), establishing
liver CETP output as the major determinant of plasma CETP
concentration. In addition, adipose tissue CETP mRNA, re-
cently found to be an abundant source of CETP mRNA in a
variety of mammalian species (22), was shown to make a
smaller but independent contribution to plasma CETP levels.
The rabbit studies (7) indicated a threefold increase in liver
CETP mRNA in response to a high cholesterol, high fat diet.
Our ongoing studies in another monkey species (African green)
show an increase in liver CETP mRNA when changing from a
chow to a high cholesterol, high fat diet (unpublished). Thus, it
is probable that increases in liver CETP mRNA account at least
in part for the increase in plasma CETP noted in this study in
which we have compared cynomolgus monkeys fed high cho-
lesterol, high fat diets (mean plasma CETP = 27 ug/ml) with
those receiving high fat alone (CETP = 15 ug/ml), or with
nonsimultaneous control monkeys receiving chow (CETP
= 15 ug/ml). The analysis of additional monkeys receiving dif-
ferent diets (Table III) confirmed the lack of effect of dietary fat
saturation on plasma CETP concentration, and indicated a
strong effect of dietary cholesterol on plasma CETP. These
studies also suggest the conclusion that the decrease in plasma
HDL cholesterol due to increased dietary cholesterol (in cyno-
molgus monkeys) may be in part mediated by an increase in
plasma CETP concentration.

A major novel finding of this study was the significant posi-
tive relationship between plasma CETP concentration and cor-
onary artery atherosclerosis (Fig. 5 B). Combined with recent
information suggesting longevity and lack of atherosclerosis in
humans with genetic CETP deficiency (10) these data raise the
possibility that CETP may enhance the development of athero-
sclerosis in humans or monkeys receiving atherogenic diets.
Multivariate analysis suggested that the positive correlation of
CETP with atherosclerosis was due to its relationship with LDL
cholesterol. Thus, the plasma CETP concentration, which ap-
pears to be determined largely by CETP mRNA levels in liver
and adipose tissue, seems to be a major determinant of the
atherogenicity of the plasma lipoproteins, probably because
CETP transfers cholesteryl esters from nonatherogenic HDL to
atherogenic LDL, and also because CETP may influence LDL
particle number. However, it must be considered as a possibil-
ity that plasma CETP has no effect on LDL or atherosclerosis,
and that the association between these variables reflects a com-

mon relationship with a confounding variable, not yet identi-
fied. Nonetheless, it is most unlikely that CETP has a beneficial
effect, promoting the removal of cholesterol from atheromata
(5) in the present experimental setting.

The overall role of CETP in cholesterol homeostasis re-
mains fairly obscure. There is some evidence that CETP en-
hances the return of cholesterol from plasma to the liver (26);
also, the high level of CETP mRNA in tissues containing lipo-
protein lipase (22) raises the possibility that CETP may help to
redistribute cholesterol deposited in adipose tissue or muscle
during lipolysis of dietary lipoproteins. Thus, CETP may partic-
ipate in a process of reverse cholesterol transport or perhaps,
more generally, in the redistribution of cholesterol between
tissues. The positive correlation of plasma CETP concentra-
tion with atherosclerosis (Fig. 5 B) could indicate that CETP
has redistributed cholesterol from some tissues (e.g., small
blood vessels in adipose tissue and muscle where lipolysis oc-
curs) to LDL and then into coronary arteries. In this sense
CETP may participate in a cholesterol redistribution system
which in the presence of an atherogenic diet promotes the devel-
opment of atherosclerosis.
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