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Abstract

Cholesteryl ester transfer protein (CETP) and phospholipid transfer protein (PLTP) activities were measured in sera from 32
normolipidemic women and men consuming diets enriched in lauric, palmitic, or oleic acids. Serum CETP activity, measured as
the rate of radiolabeled cholesteryl esters transferred from HDL toward serum apo B-containing lipoproteins, was higher with the
palmitic acid diet (25.192.5%) than with the lauric acid (23.792.4%) and the oleic acid (24.092.7%) diets (P=0.0028 and
0.0283, respectively). CETP mass concentrations, as measured with an enzyme-linked immunosorbent assay were increased after
the lauric acid diet (2.5790.63 mg/l) and the palmitic acid diet (2.4990.64 mg/l) as compared with the oleic acid diet (2.3490.45
mg/l) (P=0.0035 and 0.0249, respectively). In contrast with CETP, serum PLTP activity, as measured as the rate of radiolabeled
phosphatidylcholine transferred from liposomes toward serum HDL, was significantly higher with the lauric acid diet (23.59
2.6%) than with the palmitic acid diet (22.592.5%) (P=0.0013), while no significant differences were noted when comparing the
saturated diets versus the oleic acid diet (23.092.3%). No significant alterations in the mean apparent diameter of LDL, and in
the relative proportions of individual HDL subpopulations were observed from one dietary period to another. Nevertheless, lipid
transfer activities correlated significantly with the relative abundance of HDL2b, HDL2a, HDL3b, and HDL3c, with opposite
tendencies being observed for cholesteryl ester transfer and phospholipid transfer activities. In general, serum CETP activity
correlated negatively with HDL cholesterol, but positively with triglyceride concentrations after the dietary interventions, and the
relations with serum lipids were just the opposite for PLTP activity. In addition, CETP and PLTP activities correlated negatively
when subjects consumed the standardized diets (PB0.05 in all cases), but not when subjects consumed their habitual diet. It is
concluded that serum lipid transfer activities in normolipidemic subjects can be significantly affected by the fatty acid content of
the diet, with differential effects on CETP and PLTP activities. © 1999 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Several studies have demonstrated that plasma
cholesteryl ester transfer protein (CETP) activity can be
markedly influenced by the nutrient intake. More spe-
cifically, atherogenic high fat/high cholesterol diets were

* Corresponding author. Tel.: +33-3-80-293825; fax: +33-3-80-
293661.

0021-9150/99/$ - see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved.
PII: S 0 0 2 1 -9150 (98 )00244 -5



L. Lagrost et al. / Atherosclerosis 142 (1999) 395–402396

associated with an increased transfer of cholesteryl
esters from HDL towards plasma apo B-containing
lipoproteins, and concordant observations were made
in humans [1–3], rabbits [4,5], hamsters [6–8], and
baboons [9]. The significant increases in both CETP
mRNA levels [5,10] and CETP production rates [11]
that were observed in the rabbit after a high choles-
terol diet intake came in support of a cholesterol-in-
duced upregulation of CETP gene expression. In
addition, CETP expression was shown to be depen-
dent on dietary fatty acid composition. Indeed, plasma
CETP levels increase after a diet enriched in saturated
or trans-unsaturated fatty acids, whereas the enrich-
ment with cis-unsaturated fatty acids tends to produce
the opposite effect, and concordant observations were
made in humans [12–16], marmosets [17], baboons [9],
cebus monkeys [18], and hamsters [8]. In addition to
their ability to exert a direct effect on CETP levels,
dietary fatty acids were also shown to modulate
plasma cholesteryl ester transfer rates through alter-
ations in the concentration and composition of plasma
lipoprotein substrates, but somewhat contrasting ob-
servations could be made by using either CETP mass
assays or endogenous lipoprotein-dependent activity
assays [16,17,19–21]. In addition, the response of
plasma cholesterol to change in dietary fat in humans
was shown to be dependent on the baseline plasma
CETP activity [22].

In contrast to CETP, the regulation of phospholipid
transfer protein (PLTP) activity has only recently been
addressed and only fragmentary data are available.
The first studies by Meijer et al. [23] found significant
rises in CETP and PLTP activities in rabbit plasma in
response to cholesterol feeding. When compared with
a dairy fat-based diet, a stearic acid-rich diet was
recently reported to reduce PLTP activity to a greater
extent than did a trans fatty acid-rich diet, whereas no
concomitant variations in CETP activity were ob-
served [24].

The aim of the present study was to further investi-
gate the role of dietary fatty acids in modulating
serum lipid transfer activities in vivo. To this end,
both CETP and PLTP activities were measured in sera
from 32 normolipidemic women and men consuming a
diet enriched in either lauric, palmitic, or oleic acids.
Effects of these diets on fasting serum lipid and lipo-
protein levels have recently been reported [25].

2. Subjects and methods

2.1. Subjects and study design

The study protocol was approved by the ethical
committee of Maastricht University, The Netherlands,

and participants gave their written informed consent.
Details of study design have been previously described
[25]. Briefly, 18 healthy women and 14 healthy men,
aged 20–60 years who consumed their habitual diet at
the start of the study, completed the trial. Four
women and five men were smokers. Study subjects did
not take drugs known to affect lipoprotein
metabolism, with the exception of two women
who took oral contraceptives. Participants were
randomly divided into six groups, and they consumed
successively three different diets enriched in either
lauric acid (44% of total fatty acid intake, weight%),
palmitic acid (45% of total fatty acid intake, weight%),
or oleic acid (62% of total fatty acid intake, weight%)
during three 6-week periods. With the exception
of a slightly higher intake of myristic acid (2% of
total energy) on the lauric acid diet, nutrient intake
was similar in the three diets. The three diets were
given in six possible treatment orders and were inter-
rupted by two- to three-week washout periods during
which the participants consumed their habitual diets
[25].

2.2. Blood sampling

Venous blood samples were collected after an
overnight fast in plain glass tubes at the beginning of
the study protocol, and at the end of each dietary
period. Serum samples were obtained by a 10-min, low
speed centrifugation at 4°C, and stored at −80°C
until analysis.

2.3. Determination of the size distribution of LDL and
HDL by nati6e polyacrylamide gradient gel
electrophoresis

Total lipoproteins were ultracentrifugally isolated as
the dB1.210 g/ml serum fraction, and they were sub-
sequently separated on 15–250 g/l polyacrylamide gra-
dient gels according to the procedure previously
described [26]. The electrophoretic conditions were the
same as previously described [27], and gels were
stained for proteins with Coomassie brilliant blue G.
Finally, the distribution profiles of serum LDL and
HDL were obtained by analysis on a BIO-RAD GS-
670 imaging densitometer, and apparent diameters of
LDL and HDL subfractions were determined by com-
parison with globular protein standards and latex
beads of known diameter. The relative proportions of
HDL2b (9.71–12.90 nm), HDL2a (8.77–9.71 nm),
HDL3a (8.17–8.77 nm), HDL3b (7.76–8.17 nm), and
HDL3c (7.21–7.76 nm) were calculated as the ratio of
the corresponding areas under the scan curve to the
total area under the entire serum HDL fraction.
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Table 1
Lipid and lipoprotein cholesterol concentrations in sera from 32 subjects (18 women, 14 men) consuming diets high in either lauric, palmitic or
oleic acida

Lauric acid diet Palmitic acid diet Oleic acid diet

5.6990.93b5.9091.02b,cTotal cholesterol (mmol/l) 5.4291.02
3.7190.91b 3.4990.94LDL cholesterol (mmol/l) 3.8490.99b

1.5990.45b,c 1.4790.40HDL cholesterol (mmol/l) 1.4490.38
1.1190.54 1.0790.421.0590.50Triglycerides (mmol/l)

a Data (mean9S.D.) were presented in a previous publication [25].
b Significantly different from the oleic acid diet, PB0.02.
c Significantly different from the palmitic acid diet, PB0.02.

2.4. CETP enzyme-linked immunosorbent assay

Serum CETP concentrations were determined by us-
ing a competitive ELISA adapted to a Biomek 2000
Laboratory Automation Workstation (Beckman) [28].
CETP mass concentrations were determined in quadru-
plicate from a calibration curve constructed with a
frozen plasma standard [28]. Concentration values were
calculated by using the Immunofit EIA/RIA data anal-
ysis software (Beckman). The intraassay coefficient of
variation was 4%.

2.5. Isotopic assay of cholesteryl ester transfer acti6ity

CETP activity was determined in total serum as the
rate of transfer of radiolabeled cholesteryl esters from a
tracer dose of 3H-CE-HDL3 towards serum apo B-con-
taining lipoproteins, as previously described [27]. After
incubation of total serum for 3 h at 37°C in the
presence of a tracer dose of 3H-CE-HDL3 and iodoac-
etate, the mixtures were submitted to an ultracentrifu-
gation step at d=1.068 g/ml, and cholesteryl ester
transfer activity was calculated as the percentage of
total tritiated cholesteryl esters transferred from the
d\1.068 g/ml to the dB1.068 g/ml fractions as com-
pared with control samples kept at 4°C. CETP activity
measurements were performed in triplicate. All the
serum samples were assayed simultaneoulsy by using
the same 3H-CE-HDL3 preparation, and the intra-assay
coefficient of variation of the cholesteryl ester transfer
assay was 5%.

2.6. Isotopic assay of phospholipid transfer acti6ity

Serum PLTP activity was determined as the rate of
radiolabeled phosphatidylcholine transferred from 14C-
PC-liposomes towards serum HDL according to the
procedure previously described [27]. Briefly, total serum
was incubated for 30 min at 37°C in the presence of
14C-PC-liposomes and iodoacetate, and phospholipid
liposomes and apo B-containing lipoproteins were pre-
cipitated before radioactivity counting [27]. Phospho-
lipid transfer activity was calculated as the percentage

of total radiolabeled phosphatidylcholine transferred
from 14C-PC-liposomes to serum HDL after deduction
of values from nonincubated controls [27]. Phospho-
lipid transfer rates were determined simultaneously in
all the study samples by using the same 14C-PC-lipo-
some preparation, and the intra-assay coefficient of
variation was 5%.

2.7. Other lipid and lipoprotein analyses

Total cholesterol levels were determined by using an
enzymatic kit from Boehringer Mannheim (CHOD-
PAP method; Monotest cholesterol). HDL cholesterol
levels were determined by using the same enzymatic
method after selective precipitation of apo B-containing
lipoproteins with the Boehringer phosphotungstic acid/
MgCl2 reagent. LDL cholesterol concentrations were
calculated using the Friedewald formula. Triglyceride
levels were determined by using an enzymatic kit from
Sigma Diagnostics.

2.8. Statistical analysis

Data are expressed as mean9S.D. Data were ana-
lyzed by using the general linear models procedure of
the Statistical Analysis System [29]. The Tukey method
was used to compare the diets pair-wise, and Pearson
correlation coefficients were calculated for the relations
between lipid transfer activities and serum lipoprotein
parameters.

3. Results

3.1. Effects of diets on serum lipids and lipoproteins

The effects of diets enriched in lauric, palmitic or
oleic acids on serum total cholesterol, LDL cholesterol,
HDL cholesterol, and triglyceride levels were addressed
in a recent publication concerning the same population
of 18 women and 14 men [25]. As presented again in
Table 1, total cholesterol and LDL cholesterol levels
were significantly higher after the lauric acid or palmitic
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Table 2
Cholesteryl ester transfer activity in serum from 32 subjects (18
women, 14 men) consuming diets high in either lauric, palmitic or
oleic acid

Palmitic acid diet Oleic acid diet (%)Lauric acid diet
(%)(%)

23.792.4b 25.192.5c 24.092.7All
22.892.524.792.7dWomen 23.592.6

24.092.2a 25.692.3Men 25.592.1e

a Significance of the difference from the palmitic acid diet, PB0.03.
b Significance of the difference from the palmitic acid diet, PB

0.005.
c Significance of the difference from the oleic acid diet, PB0.03.
d Significance of the difference from the oleic acid diet, PB0.005.
e Significance of the difference from women, PB0.005.

Table 4
Phospholipid transfer activity in serum from 32 subjects (18 women,
14 men) consuming diets high in lauric, palmitic or oleic acid

Lauric acid (%) Palmitic acid (%) Oleic acid (%)

All 23.092.322.592.523.592.6a

24.092.6 23.192.3Women 23.492.7
Men 22.892.7a 21.892.6 22.591.7

a Significantly different from the palmitic acid diet, PB0.005.

although differences did not reach the statistical signifi-
cance in men.

3.3. Effects of diets on serum phospholipid transfer
acti6ity

As shown in Table 4, phospholipid transfer activity
in total serum was significantly higher with the lauric
acid diet than with the palmitic acid diet (P=0.0013),
while no significant differences were noted when com-
paring the saturated versus the monounsaturated diets.
Consistent observations were made with women and
men, although the difference between the lauric acid
and palmitic acid diets reached the significance level
only in men.

3.4. Relations between lipid transfer acti6ities and
serum lipoprotein parameters

Serum HDL cholesterol levels correlated negatively
with cholesteryl ester transfer activity, but positively
with phospholipid transfer activity, and consistent ob-
servations were made with all diets (Table 5). In con-
trast to HDL cholesterol levels, triglyceride levels
tended to correlate positively with cholesteryl ester
transfer activity, but negatively with phospholipid
transfer activity (Table 5). No significant relationships
between lipid transfer activities and total cholesterol or
LDL cholesterol levels were observed.

No significant alterations in the mean size of LDL
were observed among the whole population with any
diet, and no significant relationships between LDL size

acid diets than after the oleic acid diet. HDL choles-
terol concentrations were significantly higher with the
lauric acid diet as compared with either the palmitic
acid diet or the oleic acid diet. No significant differ-
ences in HDL cholesterol levels were observed after the
palmitic acid diet and the oleic acid diet (Table 1). The
triglyceride levels did not differ significantly between
the three diets (Table 1). Similar responses to the diets
were observed in women and men [25].

3.2. Effects of diets on serum cholesteryl ester transfer
acti6ity

As shown in Table 2, cholesteryl ester transfer activ-
ity in total serum was higher with the palmitic acid diet
than with the lauric acid and the oleic acid diets (P=
0.0028 and 0.0283, respectively). Somewhat different
observations were made among women and men, and
cholesteryl ester transfer activity was significantly
higher in men than in women after the oleic acid diet
(P=0.0031).

Serum CETP mass concentrations are given in Table
3. Mean CETP concentrations were increased after the
lauric acid and palmitic acid diets as compared with the
oleic acid diet (P=0.0035 and 0.0249, respectively).
Similar observations were made in women and men,

Table 3
Cholesteryl ester transfer protein (CETP) mass concentration in serum from 32 subjects (18 women, 14 men) consuming diets high in lauric,
palmitic or oleic acid

Palmitic acid diet (mg/l)Lauric acid diet (mg/l) Oleic acid diet (mg/l)

2.4990.64a2.5790.63c 2.3490.45All
2.5990.54bWomen 2.5790.63b 2.3790.46

Men 2.5490.76 2.3990.66 2.3190.46

a Significance of the difference from the oleic acid diet, PB0.03.
b Significance of the difference from the oleic acid diet, PB0.02.
c Significance of the difference from the oleic acid diet, PB0.005.
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Table 5
Correlations between lipid transfer activities and lipoprotein parameters in serum from 32 subjects consuming diets high in lauric, palmitic or oleic
acida

Phospholipid transfer activityCholesteryl ester transfer activity

Oleic acid Lauric acid Palmitic acidLauric acid Oleic acidPalmitic acid

Lipid parameters
0.72d 0.74dHDL cholesterol −0.44b −0.46c 0.68d−0.66d

0.38b −0.32Triglycerides −0.45b0.36b −0.43b0.25
HDL subfractions

0.59d 0.57dHDL2b −0.49b −0.50c 0.54c−0.47c

0.49c 0.47cHDL2a −0.41b −0.52c −0.57d 0.33
0.13−0.09 −0.22HDL3a −0.030.05 −0.15
−0.62d −0.48HDL3b 0.48c 0.56c 0.48 −0.64d

−0.36 −0.49cHDL3c 0.43b 0.55c −0.39b0.62d

a Lipid transfer activities and lipoprotein parameters were determined as described in Section 2.
b PB0.05.
c PB0.01.
d PB0.001.

and lipid transfer activities were noted. The relative
proportions of individual HDL subpopulations did not
differ significantly from one dietary period to another.
Nevertheless, lipid transfer activities correlated signifi-
cantly with the relative abundance of HDL2b, HDL2a,
HDL3b, and HDL3c, and opposite tendencies were ob-
served for cholesteryl ester transfer and phospholipid
transfer activities. Thus, at the end of each fatty acid-
specific dietary period, cholesteryl ester transfer activity
correlated negatively with HDL2b and HDL2a, but pos-
itively with HDL3b and HDL3c (Table 5). Conversely,
phospholipid transfer activity correlated positively with
HDL2b and HDL2a, but negatively with HDL3b and
HDL3c (Table 5). Consistent observations were made
when subjects entered the trial with their habitual diet.

3.5. Relations between cholesteryl ester transfer acti6ity
and phospholipid transfer acti6ity

As shown in Fig. 1, CETP and PLTP activities
correlated negatively when subjects consumed the stan-
dardized lauric acid diet (r= −0.39, P=0.0284),
palmitic acid diet (r= −0.45, P=0.0106) or oleic acid
diet (r= −0.39, P=0.0287), but not when subjects
consumed their habitual diet (r=0.01, P=0.9631).

4. Discussion

In addition to significant alterations in serum lipid
and lipoprotein concentrations [25], the substitution of
one fatty acid for another in experimental diets was
shown in the present study to induce significant changes
in serum CETP activity, and greater cholesteryl ester
transfer rates were observed with the palmitic acid diet
than with the lauric acid diet and the oleic acid diet.

These results indicated that saturated and monounsatu-
rated fatty acids are able to modify plasma CETP
activity, extending previous evidences for alterations in
lipid transfer activity in subjects consuming either satu-
rated, cis-unsaturated, or trans-unsaturated fats
[14,16–21]. Significant variations in CETP mass con-
centrations were also observed in the present study, and
the lauric acid diet promoted a significant rise in serum
CETP mass concentration as compared with the oleic
acid diet. Similar tendencies were reported by Ku-
rushima et al. [8] when evaluating CETP mass levels by
measuring CETP activity in lipoprotein-deficient
plasma from hamsters fed either an oleic acid-rich diet
or a palmitic acid-rich diet. In contrast, no significant
differences in CETP mass levels were noted in the
present study after the lauric and palmitic acid diets, an
observation that agrees with the absence of differences
in mean cholesteryl ester transfer rates measured in
lipoprotein-deficient plasma from women consuming
diets enriched with either palm oil or coconut oil [13].
Overall, discordance appeared when comparing CETP
mass and transfer activity values from the present
study. For instance, the lauric acid diet promoted a
significant rise in serum CETP mass concentration, but
not in serum cholesteryl ester transfer rates as com-
pared with the oleic acid diet. In addition, serum
cholesteryl ester transfer rates, but not CETP mass
levels were significantly lower after the lauric acid diet
than after the palmitic acid diet. The latter observa-
tions, together with previous observations from other
groups [16,17], confirm that the conclusions drawn
when investigating the effect of dietary intervention on
CETP activity can vary owing to the experimental
approach used, and they indicate that not only CETP
mass but also endogenous serum modulators constitute
key determinants of the cholesteryl ester transfer pro-
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cess. Recent studies on the plasma kinetics of CETP
demonstrated that variations in plasma CETP mass
induced by dietary manipulations in the rabbit are
mainly linked to variations in CETP production rates
reflecting CETP gene expression [11]. Based on these

data, the lower CETP mass levels observed in the
present study after the oleic acid diet suggest that
CETP gene expression is significantly reduced as com-
pared with the two saturated diets. Although the mea-
surement of cholesteryl ester transfer rates in total
serum clearly revealed that CETP mass is not the sole
determinant of serum cholesteryl ester transfer activity,
endogenous modulators accounting for the diet-induced
alterations in the activity of plasma CETP remain to be
identified. As proposed in previous trials, variations in
CETP activity might relate to variations in the lipo-
protein levels and composition, as well as to differences
in the transferability of cholesteryl ester molecular spe-
cies [30,31] that is known to vary according to the fatty
acid composition of the diet [32]. In fact, the ability of
CETP to transfer cholesteryl ester molecules was shown
to be dependent on the nature of the acyl group that
might influence either the affinity of cholesteryl esters
for CETP or the physical state of the lipoprotein core
[30,31,33].

Not only CETP activity, but also PLTP activity was
observed to vary significantly from one dietary period
to another in the present work. More specifically, phos-
pholipid transfer rates measured in total serum were
significantly higher after the lauric acid diet than after
the palmitic acid diet. In spite of the lack of a direct
quantitation of PLTP mass, the determination of serum
PLTP activity in the present study demonstrated that
not only the dietary intake of cholesterol [23,34] and of
saturated versus trans-unsaturated fatty acids [24], but
also the chain length of dietary saturated fatty acids can
significantly modulate phospholipid transfer rates.
Whether dietary fatty acid-induced variations in serum
phospholipid transfer activity relate to variations in
PLTP gene expression [34], to specificity of PLTP for
various phospholipid species [35–37], or to other spe-
cific alterations in the serum lipoproteins deserves fur-
ther investigation.

The present comparative study of serum lipid trans-
fer activities revealed that different diets can produce
opposite effects on CETP and PLTP activities as mea-
sured in total serum samples. In particular, substituting
palmitic acid for lauric acid in the experimental diet
was associated with a significant increase in serum
CETP activity, but a significant decrease in PLTP
activity. Simultaneous evaluation of serum CETP and
PLTP activities in dietary studies was conducted only
recently, and one study indicated that phospholipid
transfer activity, but not cholesteryl ester transfer activ-
ity can be significantly affected by the saturated versus
the trans unsaturated fatty acid content of the diet [24].
Some differences in variations of plasma CETP and
PLTP activities were also reported among rabbit strains
consuming a high cholesterol diet [23]. In the present
study, significant negative correlations between CETP
and PLTP activities were noted when subjects con-

Fig. 1. Correlations of serum phospholipid transfer activity with
serum cholesteryl ester transfer activity. CETP and PLTP activities
were measured in total sera and expressed as percentage of total
radioactivity transferred from the particle donor to the acceptor
lipoprotein fraction. The normolipidemic subjects consumed their
habitual diet, lauric, palmitic, or the oleic acid diet as indicated.
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sumed one given standardized diet, but not when sub-
jects consumed their habitual diet. Although the oc-
curence of only transient alterations in lipid transfer
activities cannot be definitely excluded after 6-week
dietary periods, the results of correlation analysis
indicate that a differential regulation of serum
CETP and PLTP activities may be unmasked when the
nutritional intake is standardized. Unlike PLTP activ-
ity, CETP activity was shown to be modulated by
non-esterified fatty acids [38], an effect that is depen-
dent on the length and the degree of unsaturation of the
acyl chains [39]. The latter point might well account, at
least in part for the differential effects of specific diets
on plasma PLTP and CETP activities in the present
study.

It is now clearly established that CETP and PLTP
can modulate the size distribution of serum lipoprotein
fractions. On the one hand, CETP can replace lipo-
protein cholesteryl esters by hydrolyzable triglycerides
which are derived from the triglyceride-rich lipo-
proteins, favoring the emergence of small-sized LDL,
preb-HDL and small-sized aHDL [40]. On the other
hand, PLTP has been shown to promote the formation
of both preb-HDL and large-sized aHDL through an
inter-HDL fusional mechanism [40]. In the present
study, no significant differences in the size distribution
of either HDL or LDL fractions were observed in sera
from subjects consuming either of the three experimen-
tal diets. In fact, it must be noted that the substitution
of one fatty acid for another was associated in the
present study with only moderate, however significant
variations in serum lipid transfer activities, suggesting
that more drastic changes in lipid transfers are required
to result secondarily in significant alterations in the size
distribution of lipoproteins. Despite the absence of
modifications of the size distribution of HDL, signifi-
cant relationships between lipid transfer activities and
the relative abundance of HDL subpopulations were
observed among subjects consuming the same, stan-
dardized diet. Overall, CETP correlated positively with
small HDL, but negatively with large HDL, whereas
opposite tendencies were observed with PLTP that cor-
related negatively with small HDL, but positively with
the large ones.

In conclusion, the present study demonstrated that
serum lipid transfer activities in normolipidemic sub-
jects can be significantly affected by the fatty acid
content of the diet, and differential effects on CETP
and PLTP activities were observed. The regulation of
the expression of lipid transfer protein genes was only
recently addressed, and the molecular mechanisms of
the dietary fatty acid-induced regulation of serum
CETP and PLTP mass levels deserve further investiga-
tion.
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