ASBMB

JOURNAL OF LIPID RESEARCH

I

Influence of dietary fatty acid composition on the
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Abstract CETP activity, measured as transfer of choles-
teryl ester from exogenous HDL to exogenous VLDL and
LDL, reflecting CETP mass as determined by ELISA, was
documented in three groups of St. Kitts vervet monkeys fed
diets enriched in saturated (Sat), monounsaturated (Mono),
or n-6 polyunsaturated (Poly) fatty acids. CETP activity was
not different when comparing the three dietary fats. How-
ever, CETP activity was significantly higher when choles-
terol was added to each of the diets. Significant positive
associations between CETP activity and VLDL and LDL
cholesterol concentrations were found whereas significant
negative associations were seen between CETP activity and
HDL cholesterol in each of the diet groups. The strength of
these associations was highest in the Sat group. Cholesteryl
ester (CE) fatty acid composition of lipoproteins varied widely
among diet groups, with the more polyunsaturated CE of the
Poly group being associated with a higher rate of CE transfer
to endogenous acceptor apolipoprotein B-containing lipopro-
teins.fl Finally, only the Sat diet group showed significant
positive correlations of CETP activity with LDL particle diam-
eter (r = 0.76), cholesteryl ester percentage (r = 0.67), and a
strong negative correlation (r = —0.86) with LDL receptor
function, estimated as the difference between native and
methylated LDL turnover rates. We speculate that strong asso-
ciations between CETP and LDL metabolism may explain, at
least in part, the increased atherogenicity of dietary saturated
fat.—Fusegawa, Y., K. L. Kelley, J. K. Sawyer, R. N. Shah, and
L. L. Rudel. Influence of dietary fatty acid composition on
the relationship between CETP activity and plasma lipopro-
teins in monkeys. J. Lipid Res. 2001. 42: 1849-1857.
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Elevated low density lipoprotein cholesterol and de-
creased high density lipoprotein cholesterol concentra-
tions are associated with increased coronary heart disease
in humans and coronary artery atherosclerosis in non-
human primate models (1-3). The types of fatty acids in
diets are also known to modify the development of coro-
nary artery atherosclerosis (4-6). The effects of dietary
fatty acids often seem paradoxical, as when polyunsatu-

rated fat lowers the concentration of HDL cholesterol and
decreases the extent of atherosclerosis (5, 6) or when mono-
unsaturated fat lowers LDL cholesterol concentrations
without decreasing atherosclerosis (6). One possible ex-
planation for these outcomes is that in addition to effects
on concentrations, dietary fatty acids alter lipoprotein par-
ticle compositions, with some compositions being more
atherogenic than others (5, 7). Studies of animal models
of atherosclerosis can help clarify the contribution(s) of
the factors that alter both concentrations and composi-
tions of plasma lipoproteins in atherogenesis.

One of the factors in plasma that modifies lipid compo-
sition in lipoprotein particles and may play a role in
atherogenicity is CETP (8). This protein transfers choles-
teryl esters (CE) among lipoprotein particles and ex-
changes CE for triacylglycerols. Exchange of CE for triacyl-
glycerol is thought to be important in reverse cholesterol
transport when CE moves from HDL to VLDL and IDL for
rapid removal of CE from plasma (9, 10). The presence of
apolipoprotein C-I (apoC-I) on HDL may serve as an in-
hibitor of CE transfer from HDL to other lipoproteins by
CETP (11). In addition, the presence of a lipid transfer in-
hibitor protein (apoF) on LDL particles may function to
assure directional transfer of CE from HDL to VLDL (10).
Dietary fatty acids alter the composition of phospholipids
and influence the types of CE made by LCAT (12), and
may alter the types of CE made by hepatic ACAT?2 for se-
cretion by the liver in lipoproteins (7, 13). Such modifi-
cations can increase the proportion of higher melting
temperature CE in the core of the LDL particle, which in
turn may slow transfer via CETP (14). In addition, many
studies have shown that different dietary fatty acids di-
rectly affect CETP levels, although general agreement on

Abbreviations: CE, cholesteryl ester; FCR, fractional clearance rate;
LDLr, LDL receptor; Mono, monounsaturated; Poly, polyunsaturated;
Sat, saturated; TPC, total plasma cholesterol.
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the specific effects of individual fatty acids on CETP ex-
pression has not been achieved (15-17).

In primates, a positive correlation between CETP con-
centration and LDL cholesterol and an inverse correla-
tion with HDL cholesterol were seen (8); CETP concentra-
tion was positively correlated with the extent of coronary
artery atherosclerosis. Plasma CETP levels also were highly
correlated with CETP production during liver perfusion.
This outcome indicates that regulation of CETP produc-
tion by the liver will affect CETP availability in plasma and
modulate any influence on the relative degree of athero-
genicity. The extent to which individual fatty acids from
the diet can modulate the influence of CETP and lipopro-
tein on atherosclerosis is the topic of this presentation.

Accordingly, we examined the effects of three different
dietary fatty acid enrichments, with and without added di-
etary cholesterol, on CETP activity in St. Kitts vervet mon-
keys, in which individual animals exhibit a highly vari-
able response to diet. Correlations between CETP activity
and several plasma lipoprotein end points were evaluated
as a means to detect whole animal responses of CETP and
lipoproteins that may not be otherwise apparent. To the
extent that individual fatty acids differently modify CETP
and its interaction with lipoproteins, these studies may
help further our understanding of fatty acid influ-
ences on the pathogenesis of atherosclerosis by capitaliz-
ing on the extensive variability among these animals to
diet induction.

MATERIALS AND METHODS

Animal colony and blood sampling

The monkeys used in these studies were feral adult male St.
Kitts vervets ( Cercopithecus aethiops sabeus). The groups of animals
fed each of the three dietary fats were preselected to have equiv-
alent average *= SD plasma cholesterol responses to a challenge
diet containing cholesterol. Each group was fed their particular
fat without added cholesterol for 20 weeks, and after that, a diet
containing the same fat with added cholesterol (0.4 mg/kcal)
was fed for a period of about 36 months. The makeup of the
three different diets has been described (18).

Periodic blood samples were taken from each of the animals.
After an overnight fast, sedation with ketamine hydrochloride
(10 mg/kg) was performed and blood was withdrawn from the
femoral vein into tubes containing 0.1% EDTA and a protease
inhibitor cocktail (19). Plasma was isolated by centrifugation
and fractionated immediately or stored at —80°C until NMR
analyses of lipoproteins were performed.

Lipoprotein separation and analysis

Lipoproteins, at a density of 1.225 g/ml, were initially iso-
lated from plasma by ultracentrifugation and individual lipo-
protein classes were separated by gel-filtration chromatography,
using a Superose 6 HPLC column. Fractions containing VLDL
plus IDL, LDL, and HDL were pooled for further analysis and
LDL particle size was measured (20). Cholesterol distribution
among lipoprotein classes was measured enzymatically after
chromatographic separation (21) and in whole plasma by NMR
(22-24). For lipoprotein compositions, protein and phospho-
lipid phosphorus were measured directly in isolated fractions
whereas free cholesterol, CE mass and fatty acids, and triacyl-

1850  Journal of Lipid Research Volume 42, 2001

glycerol were all quantified after extraction and separation of
lipid classes by thin-layer chromatography (25). In some cases,
the LDL receptor-mediated clearance rate of LDL apoB was es-
timated in vivo by measuring the difference in turnover rate of
homologous !#Ilabeled LDL and methylated heterologous
1311]abeled LDL (26). HDL subfraction distribution of protein
was measured by NMR (22-24) and in some cases after non-
denaturing PAGE, using 4-30% polyacrylamide gradient gels
(27). After fixation of the gels and Coomassie blue staining,
HDL protein percentage distribution was determined by densi-
tometric scanning and deconvolution analysis by the method of
Verdery et al. (28).

CETP assay

HDL labeled with [*H]CE was prepared after whole plasma
incubation with [*H]cholesterol as described by Tall et al. (29).
After overnight incubation, more than 97% of the [*H]choles-
terol radioactivity was isolated in the CE band produced by thin-
layer chromatography. CETP activity was determined as the per-
centage of labeled CE transferred in 1 h at 37°C from isolated
human HDL to a mixture of human VLDL and LDL added in
excess (30). Each assay tube contained [*H]CE-HDL; (30 wg of
cholesterol) as the donor, unlabeled VLDL and LDL (200 ug
of cholesterol) as the acceptor, and 20 pl of whole monkey
plasma as the source of CETP in a final volume of 200 wl. The
tubes were incubated for 30 min at 37°C in a shaking water bath.
This time point was within the linear first-order portion of the
rate curve, and represented an incubation time at which less
that 30% of the CE was transferred. After incubation, the
tubes were immediately chilled on ice for at least 30 min to
stop the reaction. The donor and acceptor lipoproteins were
separated by heparin-manganese precipitation, and radio-
activity was determined in an aliquot of supernatant. The per-
cent transfer of radioactivity from HDLj3 to VLDL and LDL
was used as the detection parameter. All assays were con-
ducted in duplicate.

CETP mass was measured by a two-site sandwich enzyme-
linked immunosorbent assay (31) using monoclonal human
CETP antibody (TP20) for coating the microtiter plate as the
capture antibody. A second antibody (TP2), conjugated with
horseradish peroxidase, was added to decorate the CETP anti-
gen. Both antibodies were purchased from the University of
Ottawa Heart Institute (Ottawa, Canada). Plasma dilutions in
the range of 1:5 to 1:50 were made and 200 wl was then added to
the plate for detection of CETP. Color detection was as de-
scribed earlier using HyOy as substrate and o-dianisidine as the
chromogen (31).

A CE transfer ratio was also calculated as the proportion of CE
transferred from exogenous labeled HDL into endogenous
apoB-containing lipoproteins in whole plasma. A 300-ul aliquot
of whole plasma was incubated with 30 pg of cholesterol in
[*H]CE-HDL at 37°C for 30 min. After chilling on ice, HDL was
separated from other lipoproteins by the heparin-manganese
precipitation procedure (32), and the ratio (converted to per-
cent) of [3H]CE in apoB-containing lipoproteins compared with
the amount added in HDL was measured.

Statistical analyses were done as indicated. ANOVA and re-
peated measures ANOVA were done to compare for dietary fat
effects, and Fisher’s preferred least significant difference (PLSD)
post hoc analysis was used to differentiate individual fatty acid ef-
fects. A paired ttest was also used to determine dietary choles-
terol effects within a diet fat group. Correlation analyses were
used to determine statistically significant relationships among
various parameters to capitalize on the large individual animal
variability. A difference of P < 0.05 was considered statistically
significant.
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RESULTS

At the end of an initial cholesterol-free diet period of
16 weeks and then at regular intervals after feeding a
cholesterol-enriched diet in the atherosclerosis progres-
sion phase of the study, total plasma cholesterol (TPC), HDL
cholesterol, and LDL cholesterol were measured (Fig. 1).
During the period before cholesterol was added to the
diet, TPC was near 150 mg/dl in the polyunsaturated
(Poly), monounsaturated (Mono), and saturated (Sat)
fatty acid groups. Plasma cholesterol rose quickly and sig-
nificantly in all groups after cholesterol was added to the
diet. The apparently higher average plasma cholesterol
concentrations in the Mono group were not significantly
different from the other groups as determined by re-

600

Whole Plasma

450

Plasma Cholesterol (mg/dl)

40

Fig. 1. Plasma cholesterol, LDL cholesterol, and HDL cholesterol
measured for all animals of the saturated (Sat), monounsaturated
(Mono), and polyunsaturated (Poly) fat groups when fed a zero
cholesterol diet (0 months), and at various times (months) after
cholesterol was added to the diet. All values represent means *
SEM for 10 to 13 measurements at each time. The lower HDL cho-
lesterol in the Poly group was statistically significant by repeated
measures ANOVA, P < 0.01.
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Fig. 2. Comparison of CETP activity with CETP mass estimated by
ELISA. Whole plasma samples from each diet group were evalu-
ated. All values were plotted and the linear best fit regression line is
shown along with the correlation coefficient, » = 0.89, P < 0.0001.

peated measures ANOVA. LDL cholesterol rose quickly
and significantly when cholesterol was added to the diet,
but remained equivalent among the three diet fat groups.
The pattern was for TPC and LDL cholesterol to over-
shoot initially between 3 to 6 months, and then fall back
only to rise again between 12 and 18 months on diet be-
fore settling onto a plateau after about 20 months on diet.
HDL cholesterol was significantly lower in the Poly group
than in either of the other two dietary fat groups when the
diet contained no cholesterol. HDL cholesterol levels fell
significantly for all three fat groups when cholesterol was
added to the diet. HDL cholesterol was consistently 20
mg/dl lower in the Poly group than in the other groups
throughout the study, and this difference was statistically
significant. In all dietary fat groups, TPC and LDL choles-
terol were increased and HDL cholesterol was decreased
by adding cholesterol to the diet.

CETP activity and CETP mass concentration as mea-
sured by ELISA were compared in a subset of the animals

‘0~ _
SAT MONO W POLY

CETP Activity (%)

Fig. 3. CETP activity measured in plasma samples taken when the
animals were fed the diets indicated. Each column represents
the mean * SEM for 10 to 13 animals. CETP activity is presented as the
percentage of radiolabeled CE in HDL transferred in 1 h when ex-
ogenous LDL, and VLDL, are added for the assay. The dietary cho-
lesterol effect was significant in each diet fat group, Sat, P < 0.001;
Mono, P < 0.02; and Poly, P < 0.01. In the Poly group, the 6-month
value was significantly lower than the 33-month value, P < 0.02.
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TABLE 1. Correlation coefficients between CETP activity
and cholesterol concentration in lipoproteins

Lipoprotein Saturated Monounsaturated Polyunsaturated
Whole plasma 0.63 0.41 0.48
n = 40 n =39 n =047
P <0.0001 P<0.01 P<0.001
VLDL + IDL-C 0.77 0.28 0.56
n =29 n =28 n =34
P <0.0001 NS P<0.001
LDL Cholesterol 0.76 0.53 0.58
n =29 n =28 n =34
P <0.0001 P<0.01 P<0.001
HDL Cholesterol -0.73 —0.48 —0.56
n =29 n =28 n =34
P <0.0001 P<0.01 P<0.001

Correlation coefficients were determined in each plasma sample
for which both CETP activity and lipoprotein cholesterol distribution
was measured.

used in these experiments (Fig. 2). The agreement be-
tween the two methods was excellent (r = 0.89, P <
0.0001), indicating that the assay of CETP activity, as done
here, is an accurate reflection of CETP mass concentra-
tion. For CETP activity shown in Fig. 3, activity increased
when the diets enriched with cholesterol were compared
with the zero cholesterol diet by paired #test in Sat (P <
0.001), Mono (P < 0.02), and Poly (P < 0.01) diet groups.
No significant dietary fat-related differences were found at
any time point selected for study by ANOVA (P = 0.45-
0.77). When the high cholesterol diet was fed to the Poly
group, the 33-month time point showed higher CETP ac-
tivity than at 6 months by paired ttest (P < 0.02). In Table
1, the correlation coefficients between CETP activity and
each measure of lipoprotein cholesterol concentration at
all four time points are shown. In all dietary fat groups,
CETP activity was significantly and positively correlated
with cholesterol concentrations in whole plasma, VLDL
plus IDL (except in the Mono group), and LDL. Compar-
isons of the correlation between CETP activity and LDL
cholesterol concentrations in each diet fat group are
shown in Fig. 4. The correlation in the Sat group was
higher (r = 0.76, P < 0.0001) than for the Mono group
(r=10.53, P<0.004) and Poly group (r= 0.58, P < 0.001)
although the range of CETP activity values and the slopes

500+ T

of the regression lines were similar for each diet group.
CETP activity was negatively correlated with HDL choles-
terol concentration in each dietary fat group, with the
best correlation again seen in the Sat group.

In Fig. 5, the CE transfer ratio from exogenous CE-
labeled HDL to endogenous apoB-containing lipopro-
teins in whole plasma (in vivo) was compared for a mon-
key fed a commercial chow diet and one to which the Poly
diet with cholesterol was fed. The CE transfer ratio in the
Poly diet animal was markedly higher at each time point.
On the basis of these data, the CE transfer ratio after 30
min of incubation was determined for each animal during
the cholesterol-enriched diet period. The data in Fig. 6
show that a wide range of CE transfer ratios was obtained
for each diet group, with significantly higher values being
seen in the Poly group compared with the Sat and Mono
groups (ANOVA, P = 0.0037). The data in Fig. 7 show
that the CE transfer ratio in whole plasma was significantly
correlated with the CETP activity when both values were
measured in the same plasma samples from animals in
each diet group (r = 0.60, P < 0.0003). This outcome
indicates that the transfer efficiency of CE in plasma is
apparently higher in the Poly group, even though the
amount of transfer protein is essentially equivalent among
diet groups.

During the zero cholesterol and cholesterol-supple-
mented diet periods, the relationship between LDL parti-
cle concentration and CETP was compared. Subsets of ani-
mals in each dietary fat group were evaluated by
comparing CETP activity with LDL receptor (LDLr) func-
tion, measured as the proportion of the fractional clear-
ance rate (FCR, pools per day) of iodinated LDL protein
due to the LDLr (Fig. 8). In the Sat group, a strong nega-
tive correlation (r = —0.86, P < 0.0001) was seen between
CETP and LDLr FCR, but no significant association with
CETP activity was identified for either of the other two
diet groups. This outcome suggests that much of the dif-
ference measured in LDL cholesterol concentration may
be due to factors that simultaneously control CETP pro-
duction and LDLr activity in the liver when saturated fat-
enriched diets are fed. Dietary monounsaturated and
polyunsaturated fatty acids altered this relationship.

The particle sizes and percentage compositions were
measured for LDL collected during the cholesterol-

ey o |moss  *
400 @ b
= ° Fig. 4. Correlation between CETP activity and
E’t 200 ° i LDL cholesterol concentration in all of the plasma
3 0° ° samples for which CETP assays were done. The lines
S °/° drawn represent the linear best fit regression lines.
a 200+ ° ° Each animal in the study may be represented three
- or four times. The levels of significance were as fol-
100 0% lows: Sat, P < 0.0001; Mono, P < 0.004; and Poly,
00° P<0.001.
0 T T 1 T T . T T 1
& Ny & AN P & &P NN
CETP Activity (%/hr)
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Fig. 5. Time course of transfer of radiolabeled CE from HDL
added in tracer amounts to plasma taken from a monkey fed mon-
key chow and from another monkey fed a saturated fat diet. Accep-
tor lipoproteins were the endogenous lipoproteins in the plasma
sample.

enriched diet period, and the data are shown in Table 2.
The values for LDL particle diameter show that the aver-
age size for LDL particles in the Mono group was signifi-
cantly larger than for the particles in the Sat and Poly
groups (P = 0.0015 by ANOVA). LDL percentage compo-
sitions also were different among diet groups. In the
Mono group, the phospholipid and free cholesterol per-
centages were lower and the CE percentage was higher
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Fig. 6. Comparison of fatty acid effects on the CE transfer ratio
measured in plasma samples taken from monkeys in each dietary
fat group during the moderate cholesterol diet period. The hori-
zontal lines represent means for all the observations within a
group. The Poly group values were significantly (P < 0.004) higher
than the values for the other two groups.
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Fig. 7. Comparison between CETP activity and the CE transfer
ratio in the same plasma sample taken from animals in each diet
group. All plasma samples were taken during the moderate choles-
terol diet period. The line drawn represents the linear best fit re-
gression line, and the level of significance for this correlation was
P < 0.0003.

than in the Sat group. This outcome is consistent with the
larger average LDL particle size in the Mono group com-
pared with the Sat group. The percentage values for sur-
face versus core in the Poly group suggest that these LDL
particles may be intermediate in size between Sat and
Mono LDL, although particle diameter measurements
showed a similar size for Poly LDL and Sat LDL, both being
smaller than LDL in the Mono animals. This may reflect
differences in the degree of fatty acid unsaturation and al-
tered molecular associations within the particles, as has
been suggested earlier (33).
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Fig. 8. Comparison between CETP activity and LDL receptor
(LDLr)-mediated fractional clearance rate (FRC) measured in
each animal by using *!I-labeled methylated LDL and '%I-labeled
native LDL, during the low cholesterol diet period and again dur-
ing the moderate cholesterol diet period. The linear best fit regres-
sion line is shown where a significant correlation existed (r =
—0.86, P < 0.0001).
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TABLE 2. Percentage compositions and average
particle sizes of LDL

TABLE 4. HDL and HDL subfraction cholesterol
concentrations (mg/dl)

Diet Fat Diet Fat

Component Saturated Monounsaturated Polyunsaturated Saturated Monounsaturated Polyunsaturated

n=12 n=13 n=12 Total HDL 66.7 = 6.4P 65.3 = 5.9p 45.9 £ 4.1ms
Protein 19.73 £ 0.46 19.08 £ 0.34 20.26 = 0.23 HDL fraction
Phospholipid 20.80 = 0.37™p  18.80 * 0.40° 18.59 * 0.35° HDL; 133+ 23 139 = 3.3 74+ 1.0
Free cholesterol 10.35 £ 0.34™p 9.43 * 0.15% 9.67 = 0.15° HDL, 10.8 = 3.6 8.6 = 2.0 2.8 1.0
Cholesteryl ester ~ 48.04 = 0.83™P  51.96 * 0.62° 50.68 = 0.44% HDL, 21.2 = 3.4p 18.9 = 2.2p 8.8 £ 1.9ms
Triacylglycerol 1.08 = 0.22 0.72 = 0.12 0.80 = 0.09 HDL, 6.7+ 1.2 9.7 22 7.6 £1.8
Partoiclediame[er HDL, 148 =25 142 = 2.8 19.3 = 2.8

(A) 256.8 = 5.3™ 278.2 + 3.75P 247.4 + 2.0m

All values represent means = SEM for assays done on LDL isolated
from each animal at two different times; a superscript letter indicates a
statistically significant difference from saturated (s), monounsaturated
(m), or polyunsaturated (p) fat group based on ANOVA with Fisher’s
protected least significant difference test.

A statistically significant positive correlation (r= 0.76, P <
0.01) between CETP activity and LDL particle diameter was
seen but only in the Sat diet group. Significant correlations
between LDL composition and CETP activity were found,
again only in the Sat group, where a significant positive cor-
relation coefficient (r = 0.67, P < 0.02) was seen with CE
percentage and a significant negative correlation (r = —0.69,
P < 0.02) was seen with triacylglycerol percentage.

The CE percentage compositions were also measured
for LDL and for HDL collected during the period when di-
etary cholesterol was fed (Table 3). The data show signifi-
cant differences among diet fat groups in each of the four
major CE for both LDL and HDL. The most remarkable
difference is the shift in cholesteryl oleate from 73.4% to
18.7% in the LDL from Mono and Poly diet group ani-
mals, respectively. Cholesteryl linoleate shifts inversely
from 16.8% to 69.0% for LDL of the same groups. HDL
show similar major shifts in CE percentages although the
actual percentage values between LDL and HDL for cho-
lesterol oleate were significantly different in the Sat and
Mono groups whereas the percentages of cholesteryl li-

TABLE 3. HDL and LDL cholesteryl ester percentages

Diet Fat
CE
Lipoprotein Saturated Monounsaturated Polyunsaturated
16:0 HDL 14.2 + 0.27™pL 7.64 * 0.46%L 7.06 + 0.528
16:0 LDL 16.5 + 0.81mp-H 6.32 = (0.4sp:H 8.59 = 1.02s™
18:0 HDL 2.84 + 0.20mpL 0.97 = 0.11sL 0.85 = 0.07sL
18:0 LDL 5.59 = 0.33mpH 1.83 = 0.18%H 1.78 + 0.245H
18:1 HDL 47.00 + 1.62mp.L 62.99 + 248>l 18.94 + 0.63>™
18:1 LDL 48.85 + 1.66m™P:H 7340 = 1.17%PH  18.68 = (0.55%™
18:2 HDL 26.27 = 1.68™p 20.85 £ 1.83%p 65.35 + 1.04sm.L
18:2 LDL 25.67 = 1.88mp 16.77 £ 0.77sp 69.03 = 1.07smH

All values represent means = SEM; percentages were done on
LDL and HDL prepared from the plasma of each of the animals in
each diet fat group. In each case, the percentages for each of the cho-
lesteryl esters (CE: 16:0, cholesteryl palmitate; 18:0, cholesteryl stear-
ate; 18:1, cholesteryl oleate; 18:2, cholesteryl linoleate) were measured.
Superscript letters s, m, and p indicate statistically significant dietary
fat-related differences, and superscript letters L and H indicate statisti-
cally significant differences between LDL and HDL.
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All values represent means = SEM for four separate measure-
ments on blood drawn between months 26 and 34 of the cholesterol-
enriched diet period for each animal (n = 12, 10, and 13 for Sat,
Mono, and Poly, respectively). HDL;, HDL,, HDL3, HDLy, and HDL,
cholesterol concentrations were measured by NMR, and these fractions
approximate, from larger to smaller, HDLy,, HDLy,, HDLg,, HDLs,,,
and HDLs,, respectively. Superscript letters s, m, and p indicate statisti-
cally significant dietary fat-related differences.

noleate were significantly different between LDL and HDL
in the Poly group. The fact that percentages of CE in LDL
and HDL are close within each dietary fat group, but are
widely different among fat groups, suggests that CETP is
relatively efficient in the exchange of many different CE.

HDL particle distribution during the high cholesterol
diet period was measured as the concentration of choles-
terol in five different-sized HDL subfractions whose con-
centrations were measured by the NMR technique (22—
24) (Table 4). A similar outcome was obtained when HDL
subfraction distribution of protein was measured by non-
denaturing PAGE on 4-30% gels (data not shown). NMR
subfractions were labeled (from largest to smallest) HDL;,
HDL,, HDL3, HDLs, and HDL,, and these fractions are
similar to HDLy,, HDL,,, HDL3,, HDLg,, and HDLs,, re-
spectively, as seen on nondenaturing PAGE. Total HDL
cholesterol concentration was significantly lower in the
Poly group than in the other two groups in these samples.
This difference was mainly due to significantly lower cho-
lesterol concentrations in the HDLg subfraction of the Poly
animals. Lower average values for cholesterol in the larger
HDL; and HDL, in the Poly group were not statistically sig-
nificant. The smaller HDL, showed no difference and the
smallest HDL, appeared to show a higher average choles-
terol concentration in the Poly group, although this was
not a statistically significant difference. HDL; was the major
cholesterol-carrying class in the Poly group, whereas HDL;
was the subpopulation with the highest cholesterol con-
centration in the Sat and Mono groups. Correlations of
HDL subfraction cholesterol concentrations with CETP ac-
tivity were generally weak (r < 0.5) although a significant
negative correlation (r = —0.65) with the concentration of
HDL; cholesterol was found in the Sat group.

DISCUSSION

An original finding in this study was the higher strength
of the association between CETP and plasma lipoprotein
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end points among the animals fed the Sat diet compared
with those fed Mono and Poly diets. This occurred in the
face of the observation that no differences in average
CETP activity were seen among dietary fat groups. The
strong positive associations of CETP activity with LDL cho-
lesterol concentration, LDL particle size and chemical
composition, and, inversely, with LDLr FCR, were highly
significant in the Sat diet group. Except for LDL choles-
terol concentration, these correlations with CETP were
statistically significant only in the Sat group. These end
points have been significantly correlated with coronary ar-
tery atherosclerosis in primates, and thus it is of interest to
find a dietary fatty acid effect on associations between the
lipoprotein end points and CETP. Whether these associa-
tions indicate that CETP contributes to the increased
atherogenicity of dietary saturated fat in primates (6) can-
not be ascertained with certainty. However, these observa-
tions are made here for the first time, and suggest that
regulation of CETP and its effects on lipoprotein metabo-
lism are dietary saturated fat specific. To the extent that
other dietary fats modify these associations suggests that
the influence of CETP on atherogenicity could be less in
these situations.

In reviews by Morton (10) and by Inazu, Koizumi, and
Mabuch (34), the possible pro- versus antiatherogenic ef-
fects of CETP were considered. In the cholesterol-fed pri-
mate, a positive association between CETP mass and ath-
erosclerosis has been reported (8). CETP transgenic/
LDLr knockout mice showed 1.8-fold more atherosclero-
sis than LDLr knockout mice (35). A more indirect indi-
cation that CETP may promote atherosclerosis is the find-
ing that a CETP inhibitor attenuated atherosclerosis in
rabbits fed an atherogenic diet (36), and this diet would
have suppressed LDLr function (37). These studies indi-
cate that high CETP activity is proatherogenic when LDLr
function is strongly suppressed. The strong negative cor-
relation between CETP activity and LDLr function in the
Sat diet group (Fig. 8) indicates that Sat diet monkeys
with lowest LDLr function have the highest CETP activity.
This would apparently have the effect of increasing the ef-
ficiency of moving CE into VLDL and LDL while simulta-
neously limiting the clearance of LDL from plasma, and
thus would appear proatherogenic. The reason(s) that
the Sat fat diet potentiates this effect is as yet unknown.
Downregulation of mRNA for LDLr in CETP transgenic
mice has been reported (38), and these authors indicated
that CETP-mediated downregulation of LDLr might be
due to enhanced return of cholesterol to liver. Spady,
Woollett, and Dietschy (39) have suggested that saturated
fatty acids uniquely redistribute cholesterol in hamster
liver into a regulatory pool for the LDLr. The CETP gene
has been activated by sterol regulatory element-binding
protein (SREBP) 1 (40), and an isoform of this transcrip-
tional factor (SREBP2) regulates gene expression of the
LDLr (41). Suppression of SREBP1 by dietary polyunsatu-
rated fatty acids but not saturated fatty acids has been re-
ported (42, 43). In any case, our data suggest that CETP
could be more atherogenic among populations that eat
saturated fat-enriched diets. Effects of increased CETP ac-

tivity on atherosclerosis in each diet group will be directly
estimated when these animals are terminated.

It has been suggested that a CETP polymorphism is re-
lated to LDL particle size (44), and humans with CETP
deficiency or alcohol drinkers with low CETP activity have
small LDL particles (45, 46). However, CETP activity did
not show a direct relation with LDL size and LDL compo-
sition in healthy young humans (47). Typically, individuals
with higher plasma triacylglycerol concentrations show an
inverse association with LDL particle size and this is likely
due to the transfer of triacylglycerol molecules for CE into
LDL, with the subsequent removal of the triacylglycerols
from the particle (48). In combination, the previous studies
indicate that an effect of CETP, per se, on LDL particle
size and composition may not be consistent. In the present
study, only the Sat group showed statistically significant re-
lationship between LDL particle diameter, CE percentage,
and CETP activity. The relative dietary fatty acid status in
the human studies is unknown in most cases, but perhaps
could be a contributing factor to the different outcomes
among studies.

When cholesterol was added to the diet in these studies,
LDL cholesterol concentrations went up and HDL choles-
terol concentrations went down (Fig. 3). At the same time,
CETP activity went up and a significant correlation of
CETP activity with LDL and HDL cholesterol was found.
The findings suggest that at least part of the reason for the
shift in cholesterol distribution from HDL to LDL was due
to higher CETP activity. The significant positive correla-
tion between LDL cholesterol and CETP activity, and the
significant negative correlation between HDL cholesterol
and CETP activity, agree with a previous study in which
CETP mass concentration was measured (8), and support
this possibility for CETP-mediated CE redistribution. The
fact that CETP associations were highest in the Sat group
may indicate that CE transfer is somewhat less efficient
when the lipoprotein core CE phase contains more satu-
rated fatty acids and a higher melting temperature (14).
The data in Fig. 6 showing an increased CE transfer ratio
in the Poly group appear to support this possibility.

The fact that the HDL cholesterol concentration is
lower in the Poly group than in the other groups while
CETP activity is not different suggests that the lower HDL
in Poly animals is not due to CETP mass. A positive corre-
lation between the CE transfer ratio and CETP activity re-
flecting CETP mass (Fig. 7) suggests that the CE transfer
in vivo is determined at least in part by the concentration
of CETP. However, a contribution of other factors to CE
transfer is indicated, because the correlation between
CE transfer ratio and CETP activity was not as strong as
compared with the correlation between CETP activity and
CETP mass (Fig. 2). In whole plasma, lipid transfer inhibi-
tor protein (10), apoC-I (11), and nonesterified fatty acids
(49) all should affect CE transfer. Moreover, the lower
HDL concentration in the Poly diet group could have af-
fected the CE transfer ratio, because exogenous labeled
HDL would have been diluted somewhat less by endoge-
nous HDL in this method (added HDL cholesterol in the
assay is about 11% in the Sat group vs. 16% of the HDL
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cholesterol in the Poly group). For these reasons, we can-
not be sure about the contribution of enhanced CE trans-
fer to the lower HDL cholesterol concentrations in the
Poly diet group.

It is curious that the percentage of cholesteryl linoleate
in the Poly group was higher in LDL than in HDL. The
anticipated difference would be for cholesteryl linoleate
to be higher in HDL than LDL as a result of synthesis of
this CE in HDL by LCAT. To the extent that LDL CE com-
position reflects that of the CE secreted from the liver in
apoB-containing lipoproteins (7), LDL might be expected
to have a higher percentage of ACAT2-derived cholesteryl
oleate. The data were consistent with this possibility in the
Sat and Mono groups, although the CETP activity in
plasma appears to have been sufficient to randomize most
of the CE among lipoprotein classes in all dietary fat
groups regardless of metabolic source (50).

The finding in this study that during cholesterol feed-
ing, higher CETP activity is associated with higher LDL
and lower HDL, strongly supports this possibility. The in-
creased strength of association between CETP and plasma
lipoprotein end points in the Sat group may also point to
the fact that higher CETP levels represent a more athero-
genic situation. One difference in the present study of St.
Kitts vervets is that no dietary fatrelated differences in
LDL cholesterol concentrations were found, whereas this
was not the case in an earlier study of African green mon-
keys (6). It is not certain how CETP activities would com-
pare between these two studies, but the fact that we saw the
fat-related differences in lipoprotein-CETP associations in
the present study in the absence of differences in LDL cho-
lesterol concentrations was considered important. B
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