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Abstract Plasma cholesteryl ester transfer protein (CETP)
activity is high in rabbits, intermediate in humans, and non-
detectable in rodents. Human apolipoprotein CI (apoCI)
was found to be a potent inhibitor of CETP. The aim of this
study was to compare the ability of rabbit and human apoCI
to modulate the interaction of CETP with HDLs and to eval-
uate to which extent apoClI contributes to plasma choles-
teryl ester transfer rate in normolipidemic humans and
rabbits. Rabbit apoCI gene was cloned and sequenced, rab-
bit and human apoCI were purified to homogeneity, and
their ability to modify the surface charge properties and the
CETP inhibitory potential of HDL were compared. It is
demonstrated that unlike human apoClI, rabbit apoCI does
not modulate cholesteryl ester transfer rate in total plasma.
Whereas both human and rabbit apoCI readily associate
with HDL, only human apoCI was found to modify the elec-
trostatic charge of HDL.AE In humans, both CETP and
apoCI at normal, physiological levels contribute signifi-
cantly to the plasma cholesteryl ester transfer rate. In con-
trast, CETP is the sole major determinant of cholesteryl
ester transfer in normolipidemic rabbit plasma as a result
of the inability of rabbit apoCI to change HDL
electronegativity.—Pais de Barros, ]-P., A. Boualam, T. Gautier,
L. Dumont, B. Verges, D. Masson, and L. Lagrost. Apolipo-
protein CI is a physiological regulator of cholesteryl ester
transfer protein activity in human plasma but not in rabbit
plasma. J. Lipid Res. 2009. 50: 1842-1851.
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Apolipoprotein CI (apoCI) is a small, basic apolipopro-
tein that is mainly secreted by the liver as a component of
VLDLs (1-3). Itis a highly exchangeable protein and can
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dissociate from the VLDL surface to rapidly associate with
HDLs, which are the main carriers of apoCI in normolipi-
demic plasma (3, 4). In hypertriglyceridemic states, in par-
ticular when VLDL secretion by the liver is increased (3),
substantial amounts of apoCl are associated with the VLDL
fraction. As a result of its dual localization in HDL and
VLDL, apoCI has been found to play a significant role in
the metabolism of these two classes of lipoproteins. On the
one hand, apoCI was found to stimulate hepatic produc-
tion of VLDL (5), to inhibit the hydrolysis of VLDL by LPL
(6-8), and recognition of VLDL by cellular receptors
(9-13). In vivo studies in animal models supported the hy-
pothesis that apoCI plays a complex and significant role in
both the accumulation of VLDL particles in the blood
stream and the reduction in their cholesteryl ester content
relative to triglycerides (14-19). This effect of apoCI on
VLDL clearance has been shown to be of physiological rel-
evance in humans (20, 21). On the other hand, purified
human apoCl is a potent inhibitor of cholesteryl ester
transfer protein (CETP) activity when associated with
HDL, and as such it has the ability to reduce the net mass
transfer of cholesteryl esters from HDL toward VLDL (22,
23). The ability of apoCI to decrease specific CETP activity
in vivo has been documented in CETPTg/apoCI-KO and
CETPTg/HuapoCITg mice (19, 24). However, the physi-
ological relevance of apoCl in regulating plasma CETP
activity in humans is unknown.

Unlike mice, but like humans, the rabbit is an athero-
susceptible species that displays substantial levels of plasma
CETP activity. When rabbits are fed a cholesterol-enriched
diet, the plasma concentration of apoBl00-containing
VLDL is dramatically increased, and this is associated with
a marked redistribution of cholesteryl esters from HDL to-
ward VLDL and LDL fractions (25). More interestingly,
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earlier studies reported that unlike lipoprotein-deficient
plasma from rats, pigs, humans, goats, chickens, and cows,
no cholesteryl ester transfer inhibitor activity could be
characterized in lipoprotein-deficient plasma of rabbits
(26). The molecular basis for the lack of any inhibitory
activity on cholesteryl ester transfer in rabbit plasma was
not identified.

In this study, a comparative analysis of the role of apoCI
in the regulation of CETP activity was undertaken in hu-
man and rabbit plasma. We demonstrate here that rabbit
apoClI has no CETP inhibitory potential, while in turn, hu-
man apoCl is found for the first time to constitute a physi-
ological and important contributor to cholesteryl ester
transfer rates in healthy subjects.

MATERIALS AND METHODS

Subjects

Healthy subjects (total cholesterol, 5.67 + 0.92 mmol/I; triglyc-
erides, 1.04 + 0.54 mmol/1; CETP, 3.01 + 0.65 mg/1; apoCI, 72.9 =
17.8; age, 49.6 + 13.4 years; male/female, 15/13; n = 28) with no
history of coronary artery disease or diabetes were recruited. The
study complied with the Declaration of Helsinki, the protocol was
approved by the local medical ethics committee (Bocage Hospi-
tal, Dijon, France), and all participants gave written informed
consent. Fasting blood samples were collected into EDTA-con-
taining glass tubes, plasma was separated by 15 min of centrifuga-
tion at 3,000g (4°C), and aliquots were frozen at —80°C for
subsequent analysis.

Rabbits

New Zealand White rabbits (n = 30) were fed a standard chow
diet, and blood samples were collected into EDTA-containing
glass tubes after a 4 h fasting period.

Sequencing of rabbit apoCI cDNA

Total RNA was extracted from rabbit liver using Trizol reagent.
cDNA was synthesized using M-MLV reverse transcriptase (Invit-
rogen, Cergy Pontoise, France) and both random and oligo(dT)
primers following the instructions provided by the manufacturer.
A full-length apoCI cDNA sequence was obtained in two steps.
First, a 118 bp fragment of the apoCI cDNA (162-279) was ampli-
fied by PCR using degenerated primers designed from human
and mouse apoCI sequences (118 forward, 5-TGGATAAR-
CTRAARGAGTTTGG-3; 118 reverse: 5-AATGTCTCTGAAA-
ACCACTICCG-3'). The 5’and 3’ end sequences were obtained by
RACE using the GeneRacer™ kit (Invitrogen) following the in-
structions provided by the manufacturer. The two rounds of PCR
were performed with primers designed from the 118 bp sequence
obtained previously (3’ RACE 1, 5-CCCTGGAAGAAAAGGCCCG-
GATGG-3"; 3" RACE 2, 5-AGGCCCGGATGGCCATTGAACAGC-3";
5 RACE 1,5-CGGTCTTGGTGGTGATTTCGCTCTG-3; 5' RACE
2, 5" TGTTCAATGGCCATCCGGGCCTT-3'). A high-fidelity Taq
DNA polymerase (Invitrogen) was used for the PCR experiments.
All the PCR products were cloned into a TOPO™ TA vector prior
to sequencing (Genome Express, Meylan, France).

MALDI time-of-flight mass spectrometry of full-length
and fragmented rabbit and human apoCI

Human and rabbit apoCI were purified from delipidated HDL
apolipoproteins by chromatofocusing as previously described
(22, 27). Full-length apoCI from rabbits and humans were ana-

lyzed on an Ultraflex II MALDI-time-of-flight (TOF)/TOF mass
spectrometer (Bruker Daltonique, Strasbourg, France) in the
positive 25 kV linear mode (23). Fragments of purified apoCI (5
pg) were obtained by partial hydrolysis with 300 ng of trypsin
(Roche Diagnostics, Mannheim, Germany) for 10 to 150 min at
37°C, and they were desalted on ZipTip microcolumns (ZipTip
pC18; Millipore, Molsheim, France) prior to MALDI-TOF mass
spectrometer analysis. For de novo sequencing experiments, to
facilitate y ions, partial hydrolysates were first guanidinated over-
night at 65°C with an ammonia solution of methylurea (3.2 mol/1
and 0.64 mol/1, respectively). After desalting on ZipTip micro-
columns, the peptides were then derivatized with a solution of
0.5% 4-sulfophenyl-isothiocyanate (Sigma-Aldrich, Lyon, France)
in ethanol:pyridine:HyO (50:25:25, viv) for 1 h at 65°C. Doubly
derivatized peptides were finally desalted on ZipTip microcol-
umns. One microliter of zip-tipped peptides were mixed with 6 pl
of a solution 1.1 mg/ml of a-cyano-4-hydroxycinnamic acid
(Bruker Daltonique ) in an acetonitrile:trifluoroacetic acid 0.1%
(2:1, viv) solution. Finally, 3 pl of the mixture was spotted on a
MTP 384 ground steel target plate (Bruker Daltonique) and ana-
lyzed on an Ultraflex II MALDI-TOF/TOF mass spectrometer
(Bruker Daltonique) in the reflectron positive mode. Angio-
tensin II [molecular mass (MM) = 1046.5420)], Angiotensin I
(MM = 1296.5863), substance P (MM = 1347.7361), Bombesin
(MM = 1619.8230), ACTH Clip 1-17 (MM = 2093.0868), ACTH
Clip 1838 (MM = 2465.1990), and Somatostatin 28 (MM =
3147.4714) were used as external calibration standards (Peptide-
Mix Calibration standard; Bruker Daltonique).

LPL activity assay

The effect of apoClI enrichment on the lipolysis of VLDL by
LPL was determined according to the general procedure previ-
ously described (21, 28). Briefly, ultracentrifugally isolated hu-
man VLDL (60 nmol triglyceride per assay) was preincubated for
15 min at 37°C in the presence of increasing amounts of purified
rabbit apoClI or purified human apoCI in 0.1 M Tris buffer (pH
8.5) containing 10 g/1 of fatty-acid-free BSA. Final concentra-
tions of rabbit and human apoCl in the incubation mixtures
ranged from 0 up to 7.7 uM. Triglyceride hydrolysis was con-
ducted at 37°C by adding purified bovine milk lipoprotein lipase.
Triton X-100 was added after 6 min, and triglyceride hydrolysis
was quantitated as the amount of released nonesterified fatty ac-
ids that were assayed by using an enzymatic assay (NEFA-C; Wako,
Osaka, Japan).

Fluorescent cholesteryl ester transfer assay

In this assay, transfer activity was determined as the rate of
transfer of fluorescent nitrobenzoxadiazol (NBD)-labeled cho-
lesteryl esters from labeled liposome donors to lipoprotein ac-
ceptors (Roar Biomedical, New York, NY). Either total plasma or
purified CETP was used as a source of cholesteryl ester transfer
activity, with the interference or not of endogenous lipoproteins,
as previously described (19, 23, 24, 29). In the lipoprotein-
independent assay, a source of CETP was incubated with labeled
liposome donors and exogenous lipoprotein acceptors in excess.
In the lipoprotein-dependent assay, incubation mixtures contained
labeled liposome donors that were added to total plasma, and
cholesteryl ester transfer rate was measured from the liposomes
to the endogenous plasma lipoprotein acceptors. In all cases, the
CETP-mediated transfer of NBD-cholesteryl esters was monitored
by the increase in fluorescence intensity (excitation, 465 nm;
emission, 535 nm) and expressed as fluorescence light units per
min. Transfer rates were determined from the linear, initial por-
tion of the time course transfer curves. Variation of CETP activity
was calculated as the ratio of transfer rates in the presence of
apoCl to corresponding transfer rates with no added apoCI.
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Radiolabeled cholesteryl ester transfer assay

In this assay, HDLs were biosynthetically labeled with [3H]cho-
lesteryl esters, and transfer activity was determined by measuring
the rate of transfer of radiolabeled cholesteryl esters from HDL
(cholesterol, 10 nmol) to unlabeled LDL (cholesterol, 32 nmol)
in the presence of a source of CETP and in a total volume of 50
pl as previously described (22, 29). Transfer rates were calculated
from the known specific radioactivity of the HDL donors and the
accumulation of radiolabeled cholesteryl esters in the LDL ac-
ceptors after deduction of blank values from control mixtures
that were incubated at 4°C. As for the fluorescent assay, variation
of CETP activity in the radiolabeled assay was calculated as the
ratio of transfer rates in the presence of apoCl to corresponding
transfer rates with no added apoCI.

Electrophoretic analyses

Ultracentrifugally isolated HDLs were analyzed for their apoli-
poprotein composition and electrostatic charge properties by
SDS-PAGE and nondenaturing agarose gel electrophoresis, re-
spectively. For apolipoprotein analysis, delipidated HDL proteins
were applied on 4-12% SDS-polyacrylamide gels, and the appar-
ent molecular weights of protein bands were determined by
reference to protein standards (23). For the determination of
electrophoretic mobility, native HDLs were applied on 0.5% aga-
rose gels, and surface potentials (mV) were calculated from elec-
trophoretic velocity as previously described (23, 30).

Lipid and protein analyses

Human CETP, rabbit CETP, human apoClI, and rabbit apoCI
were assayed by competitive ELISAs with anti-CETP and anti-
apoCl antisera as previously described (21, 31). TP1 anti-CETP
monoclonal antibodies (Heart Institute, Ottawa, Canada) were

-20 -10 1 10 20

used for the human and rabbit CETP assays; homemade rabbit
anti-human apoClI polyclonal antibodies were used for the hu-
man apoClI assay; and goat anti-human apoClI polyclonal antibod-
ies (US Biological, Swampscott, MA) were used for rabbit apoCI
assay. Serum total cholesterol, triglyceride, and HDL cholesterol
concentrations were determined on a dimension Xpand (Dade
Behring, Paris, France) using enzymatic methods.

Statistical analysis

Data are shown as mean + SD. Relationships between CETP
and apoCl concentrations and other parameters were analyzed
by univariate linear regression analysis. Multiple linear regres-
sion was performed to search for independent contributions of
CETP, apoCl, and triglycerides to CETP activity in human and
rabbit plasmas. A Mann-Whitney test was used for comparison of
the effect of apoCl in vitro. Pvalues < 0.05 were considered statis-
tically significant.

RESULTS

Cloning and sequencing of rabbit apoCI gene and
characterization of the plasma protein

A full-length ¢cDNA sequence of rabbit apolipoprotein
CI was obtained from rabbit liver in two steps as described
in Materials and Methods. The cDNA encompasses 441 bp
with a 52 bp 5" untranslated region, a 261 bp coding re-
gion, and a 128 bp 3’ untranslated region (GenBank acces-
sion number EU673468). The 87 amino acid deduced
sequence is composed of a 26 amino acid signal peptide
and a 61 amino acid mature protein (Fig. 1A). In a second
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Characterization of rabbit apolipoprotein CI. A: The 61 amino acid sequence of rabbit apoCI (1_61; bold) and the signal peptide

sequence (plain; —1_—26) was deduced from the cDNA sequence (GenBank accession number EU673468). Alignment with the 57 amino
acid sequence of mature human apoCI (1_57) and human signal peptide (—1_—26) was conducted by using the Needleman-Wunsch
global alignment method (EMBOSS software). B: SDS-PAGE of Markl12 calibration kit (lane 1), purified human apoCI (lane 2), and puri-
fied rabbit apoClI (lane 3). Human and rabbit apoCI were purified by chromatofocusing (see Methods). C: The MALDI-TOF/TOF spec-
trum of the ,, TRNWFSETISK;, doubly derivatized rabbit apoCI peptide matches exactly the deduced amino acid sequence in A.
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step, the rabbit apoClI protein was purified from rabbit
HDL (Fig. 1B). The MS analysis of partially trypsinized
rabbit apoCl by peptide mass finger printing revealed a
sequence coverage of 87% of the mature deduced se-
quence (data not shown). The first 28 amino acids of de-
duced mature rabbit apoCl sequence matches the sole
fragment sequence that is found in GenBank, and direct
analysis of the 41-TRNWFSETISK-51 C-terminal peptide of
purified rabbit apoCI by MALDI-TOF/TOF matched the
deduced sequence exactly (Fig. 1A-C). The complete se-
quence of rabbit apoClI is reported here for the first time,
and it was ascertained through two determinations with
total liver RNAs extracted from two distinct rabbits. In ad-
dition, the molecular weight of apoCl purified from rabbit
plasma was further determined independently by mass
spectrometry analysis. It was found to be 7107.05, which
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fits closely to the calculated molecular weight of 7106.12,
which can be deduced from the amino acid sequence of
mature apoCI. Rabbit apoCI shows a 74.3% nucleotide ho-
mology and a 65.5% amino acid homology with human
apoCI.

Like human apoCl, purified rabbit apoCI also inhibits
LPL activity

Previous studies demonstrated that human apoCl is a
significant inhibitor of LPL activity (8). As shown in Fig. 2A,
in vitro enrichment of ultracentrifugally isolated human
VLDL with either rabbit apoCI or human apoCI produced
a concentration-dependent inhibition of the release of
nonesterified fatty acids induced by purified LPL in the
presence of fatty-acid-free BSA. Similar inhibition curves
of LPL activity were obtained with human apoCI and rab-
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Fig. 2. Comparison of the concentration-dependent effects of human and rabbit apoCI on LPL activity
and CETP activity as measured with a lipoprotein-independent (B and C) or a lipoprotein-dependent (D)
fluorescent assay. A: Ultracentrifugally isolated human VLDLs were preincubated with increasing concentra-
tions of either purified human apoClI (squares in A) or purified rabbit apoCI (open circles in A), and tri-
glyceride hydrolysis was subsequently induced by the addition of purified bovine milk lipoprotein lipase.
Triglyceride hydrolysis activity is expressed as the amount of released nonesterified fatty acids (NEFAs) over
a 6 min period. B: Transfer of fluorescent NBD-labeled cholesteryl esters from liposome donors to lipopro-
tein acceptors was measured in the presence of partially purified human CETP and in the presence of in-
creasing concentrations of either human apoClI (squares in B) or rabbit apoCI (circles in B). C: Transfer of
fluorescent NBD-labeled cholesteryl esters from liposome donors to lipoprotein acceptors was measured in
the rabbit d > 1.21 g/ml infranatant, which was supplemented with increasing concentrations of either hu-
man apoClI (squares in C) or rabbit apoCl (circles in C). D: Transfer of fluorescent NBD-labeled cholesteryl
esters from liposome donors to endogenous lipoprotein acceptors in total human plasma, which was supple-
mented with increasing concentrations of either human apoClI (squares in D) or rabbit apoCI (circles in D).
Data are mean + SD of three determinations. *P < 0.05 versus homologous control with no apoCI added

(Mann-Whitney).

ApoCI and CETP inhibition in rabbits and humans 1845



bit apoCl, in both cases with up to approximately 70% in-
hibition with the highest doses of apoCl studied (Fig. 2A).

Purified rabbit apoCI, unlike human apoClI, does not
inhibit CETP activity

Previous studies demonstrated that human apoCl is a
potent inhibitor of human CETP activity (22-24). Again,
as shown in Fig. 2B, human apoCl inhibited the rate of
transfer of fluorescent cholesteryl esters from labeled lipo-
some donors to lipoprotein acceptors in a concentration-
dependent manner, with an 82% reduction in human
CETP activity with the highest concentration studied (2
uM). In contrast, rabbit apoCI did not inhibit CETP in the
fluorescent activity assay (Fig. 2B). As shown in Fig. 2C, a
potent blockade of CETP activity was obtained in the d >
1.21 g/ml fraction of rabbit plasma that was supplemented
with fluorescent liposome donors and human apoCl,
again with no marked inhibitory effect when the d > 1.21
g/ml plasma fraction was supplemented with fluorescent
liposome donors and rabbit apoCI. Again, and in contrast
to human apoCl, rabbit apoCI was unable to inhibit CETP
activity in total human plasma (Fig. 2D).

As observed with the fluorescent activity assay using la-
beled liposomes, only human apoClI, not rabbit apoCI, was
able to inhibit the CETP-mediated transfer of radiolabeled
cholesteryl esters from HDL donors to unlabeled LDL ac-
ceptors in the presence of purified CETP (Fig. 3).

Circulating apoCI modulates the cholesteryl ester
transfer rate in human plasma but not in rabbit plasma
To evaluate the relative contribution of apoClI to choles-
teryl ester transfer activity in human and rabbit plasmas,
apoCl was quantitated in normolipidemic subjects and
rabbits by using specific ELISAs. As shown in Fig. 4, plasma
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Fig. 3. Comparison of the concentration-dependent effects of
human and rabbit apoCI on CETP activity as measured from radio-
labeled HDL to unlabeled LDL. Transfer activity was determined as
the rate of transfer of radiolabeled cholesteryl esters from [3H] cho-
lesteryl ester-HDL to unlabeled LDL in the presence of partially
purified human CETP and in the presence of increasing concen-
trations of either human apoCI (white bars) or rabbit apoCI (gray
bars). Data are mean + SD of three determinations. *P< 0.05 versus
homologous control with no apoCI added (black bars; Mann-
Whitney).

1846 Journal of Lipid Research Volume 50, 2009

concentration of CETP was found to constitute a signifi-
cant determinant of cholesteryl ester transfers in both rab-
bits and humans, as assessed by positive, highly significant
correlations between CETP concentration (as determined
by ELISA) and cholesteryl ester transfer activity (as deter-
mined by a fluorimetric assay; Fig. 4A, B). Plasma concen-
tration of apoCl correlated positively with cholesteryl ester
transfer activity in rabbits (Fig. 4C) but negatively with
cholesteryl ester transfer activity in humans (Fig. 4D). In
humans, a strong, negative correlation was found between
plasma concentrations of apoCI and specific CETP activ-
ity, which was calculated as the cholesteryl ester transfer
rate to CETP mass ratio (Fig. 4F). In contrast to human
plasma, no significant correlation between apoCI concen-
tration and specific CETP activity was observed in rabbit
plasma (Fig. 4E). Finally, in univariate analysis, triglycer-
ides did not correlate significantly with cholesteryl ester
transfer activity, neither among the normolipidemic hu-
man subjects nor among the normolipidemic rabbits (Fig.
4G, H). However, triglycerides correlated positively with
both rabbit and human apoCI (R2 =0.2755, P=0.029, and
R =0.1755, P=0.0271, respectively). Multivariate analysis
was performed by including the concentration of the
CETP catalyst, the concentration of triglycerides, and the
amount of the apoCI inhibitor (Table 1). Multivariate
analysis for the association between the rate of plasma cho-
lesteryl ester transfer, as a dependent variable, and CETP,
triglyceride, and apoCI concentrations revealed that only
CETP mass contributed significantly to the rate of plasma
cholesteryl ester transfer in rabbits (Table 1). In contrast,
multiple regression analysis revealed that both CETP con-
centration and apoCI were significant and independent
contributors to the rate of cholesteryl ester transfer in hu-
man plasma (Table 1). It is noteworthy that specific CETP
activity in normolipidemic subjects in the upper range of
apoCl values (approximately 100 mg/1 of apoClI) was half
that in normolipidemic subjects with the lowest apoCI
concentration (approximately 50 mg/1) (Fig. 4).

Unlike binding of human apoCI to HDL, binding of
rabbit apoCI to HDL does not modify the surface charge
properties

Human apolipoprotein CI acts as a physiological inhibi-
tor of CETP through its ability to modify the electrostatic
charge properties of plasma HDLs (23). As shown in
Fig. 5A, both human and rabbit apoCI were found to
readily associate with isolated human HDL. In both cases,
it occurred in a concentration-dependent manner and
without concomitant changes in the overall apolipopro-
tein composition of HDL, which contained apoAl and
apoAll as the two major apolipoproteins (Fig. bA).

The electrostatic charge properties of human and rab-
bit apoCI at the HDL surface were compared by agarose
gel elecrophoresis. As shown in Fig. 5B and C, human
apoClI produced a significant, concentration-dependent
increase in the mean surface potential of native human
HDL, which ranged from —11.2 mV with no addition to
—10.5 mV with the highest apoCI concentration studied
(P<0.05). In contrast, association of rabbit apoCI with hu-
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Fig. 4. Relationship between apoCl, triglycerides, CETP mass concentration, and cholesteryl ester transfer
activity in plasma of normolipidemic rabbits (left) and humans (right). Triglycerides were assayed by an
enzymatic method. ApoCI and CETP concentrations were measured by specific ELISAs, and CETP activity
was quantitated using a fluorescent assay measuring the transfer of fluorescent NBD-labeled cholesteryl es-
ters from liposome donors to endogenous lipoprotein acceptors in total human plasma (see Materials and
Methods). Specific CETP activity was calculated as the ratio of cholesteryl ester transfer activity to CETP mass
concentration. Correlation coefficients were calculated by linear regression analysis.

man HDL was unable to produce a significant change in
mean surface potential along the apoCI to HDL molar ra-
tio range studied (Fig. 5B, C). In analogous experiments
with native rabbit HDL, human apoCI was still able to pro-
duce a concentration-dependent increase in HDL surface
potential, again in this case with no significant effect of
rabbit apoCI on the electrostatic charge of rabbit HDL
(Fig. 5D, E).

DISCUSSION

Rabbits display a number of pathophysiological features
in terms of both lipoprotein metabolism and atherogene-
sis that make them more suitable as an experimental model
for humans than are rats or mice. These features include
in particular the production of apoB100-containing VLDL
by the liver, substantial circulating levels of potentially
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TABLE 1.

Multivariate analysis for the association between CETP activity, as a dependent variable, and CETP, apoCl, and triglyceride

concentrations
Rabbit Model Human Model
Variable Regression Coefficient SE Regression Coefficient SE P
CETP 69.003 17.707 0.0006 12.639 2.015 <0.0001
apoClI 0.661 0.469 0.1702 —0.380 0.081 <0.0001
TG 28.982 33.961 0.4012 1.517 2.512 0.5515
R 0.650 0.680

The two models were built including CETP, apoClI, and triglycerides (TG). CETP mass concentration was the only significant predictor of
plasma CETP activity in rabbits (n = 30), while both CETP mass and apoCI concentrations were independent predictors of plasma cholesteryl ester
transfer rate in humans (n = 28). Included parameters accounted for 65% and 68% of the variation in plasma CETP activity values in the rabbit and

human models, respectively.

atherogenic VLDL and LDL, and a high susceptibility to
diet-induced hypercholesterolemia and atherosclerosis
(32-34). Interestingly, the rabbit has been shown to dis-
play elevated CETP activity (35, 36) and no detectable lipid
transfer inhibitory activity (26), suggesting that high levels
of plasma cholesteryl ester transfer might contribute sig-
nificantly to the high susceptibility to atherosclerosis in
this species. In support of the latter view, rabbits have been
found to respond strongly to treatment with pharmaco-
logical CETP inhibitors with concomitant increases in
plasma HDL cholesterol and decreases in plasma LDL
cholesterol and with a significant decrease in atheroscle-
rotic lesions in treated cholesterol-fed animals (37).

The rabbit apoCI gene was cloned and sequenced for
the first time in this study. Although it shows a high homol-
ogy in cDNA and amino acid sequence to human and
mouse apoCl, it was found to be totally dysfunctional in
terms of CETP inhibition, which constitutes a new and po-
tentially important feature of the rabbit model. Indeed,
and unlike purified mouse and human apoClI, purified
rabbit apoCIl was unable to block the CETP-mediated
transfer of labeled cholesteryl esters in vitro, and concor-
dant observations were made in transfer assays using ei-
ther fluorescent liposomes or radiolabeled HDL as donor
substrates. We took advantage of this observation to dem-
onstrate that variations in circulating plasma levels of
apoClI do not influence the CETP-mediated lipid transfer
reaction when it does not have the ability to change the
surface charge properties of lipoproteins. Similarly to na-
tive rabbit apoClI, but unlike full-length human apoCI and
its C-terminal a-helix with significant electrostatic proper-
ties, the N-terminal a-helix of human apoCI was found to
have no effect on HDL electronegativity and no CETP in-
hibitory property (23). In addition, this study extends ear-
lier observations that demonstrated that the surface
potential constitutes a key determinant of the interaction
of CETP with the lipoprotein surface, and changes in the
surface potential of HDL by the way of chemical modifica-
tions, insertion of negatively charged lipid residues, or
substitution of apolipoprotein molecules were all found to
result in alterations of the CETP-mediated lipid transfer
reaction (23, 38-40). In support of the physiological rele-
vance of human apoCl in modifying the electrostatic
charge and the lipid transfer properties of HDL, signifi-
cant changes in both parameters were previously observed
in vitro with apoCI to HDL molar ratio as low as 1.8 (23).
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It is close to the molar ratio of approximately 1 in normo-
lipidemic human plasma with the bulk of apoCI bound to
HDL (3, 4). The addition of exogenous human apoCI to
rabbit plasmas inhibited CETP activity, indicating that the
lack of apoCl-mediated inhibition of CETP in rabbit
plasma is effectively due to apoCl per se and not to puta-
tive specificities of the lipoprotein environment. This may
account, at least in part, for the lack of any inhibition of
lipid transfer that has already been reported in rabbit
plasma (26). Specific behavior of rabbit apoClI seems to be
restricted to CETP inhibition since its capacity to inhibit
lipoprotein lipase was maintained as judged in vitro by
comparison with human apoClI in this study.

In contrast to rabbit apoCI, mouse apoClI was found in
earlier studies to be a potent inhibitor of CETP in human
CETP transgenic mice (22, 24). In addition, overexpres-
sion of human apoAl in transgenic rats expressing simian
CETP was found to result in both the displacement of
apoClI from the HDL surface and the concomitant disap-
pearance of CETP inhibitory potential (41). Concentration-
dependent inhibition of CETP was found to constitute a
unique property of HDL in earlier studies, and kinetic
analyses demonstrated that, unlike HDL, isolated LDL has
no CETP inhibitory properties (42, 43). However, recent
studies reported that LDL could also contribute to modu-
lation of CETP activity, which might then be regulated by
two distinct/independent factors: the LDIL-associated
apoF and the HDL-associated apoCI (44). Although the
consequences of the HDL/apoCl-mediated inhibition of
CETP in terms of plasma cholesteryl ester transfer rates
and cholesterol distribution have been documented in
mouse and rat models (two species in which HDL predom-
inate in plasma), extrapolation to humans still suffers from
anumber of limitations. First, the mouse and rat are CETP-
deficient species (35, 36), and as a consequence, the CETP
inhibitory property of apoClI could only be demonstrated
in vivo in compound models in which up- or downregula-
tion of apoClI was achieved in animals with a human CETP
or a simian CETP transgenic background (24, 41). Sec-
ond, endogenous mouse apoCl, just like human apoCl,
has a remarkable ability to block the cholesteryl ester
transfer activity of CETP, and mouse apoCl deficiency in a
compound mouse apoCI-KO/human apoCITg model
would be a prerequisite to explore the entire spectrum of
apoCl concentration in human plasma, from low to high
values. Third, overexpression of apoCl in the mouse model
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Fig. 5. Comparative effect of the association of human and rabbit apoCI with human or rabbit HDLs on their electrostatic charge. A:
Human HDLs in TBS were incubated for 1 h at room temperature with increasing concentrations of purified human apoCI (left) or puri-
fied rabbit apoClI (right). Final protein to HDL molar ratio in incubation mixtures ranged from 0 up to 6.4. The HDL complexes were
subsequently recovered by one single ultracentrifugation run at d = 1.21 g/ml, and protein profiles were analyzed by SDS-PAGE. The
Mark-12 molecular weight calibration kit was applied to the middle track. B, C: Human HDL were incubated for 1 h at room temperature
with increasing concentrations of purified human apoCI or purified rabbit apoCI. D, E: Rabbit HDL were incubated for 1 h at room tem-
perature with increasing concentrations of purified human apoCI or purified rabbit apoCI. The final protein to HDL molar ratio in incuba-
tion mixtures ranged from 0 up to 6.4. The HDL complexes were subsequently recovered by one single ultracentrifugation run atd = 1.21
g/ml, and electrophoretic mobility of HDL complexes was analyzed on 0.5% agarose gels (B), and surface potential values (mV; C) were
calculated as described in Materials and Methods. Data are mean + SD of three determinations. *P < 0.05 versus homologous control with

no apoCl added (Mann-Whitney).

produces concomitant decreases in LPL activity and clear-
ance of plasma VLDL, both of which play an important
role and can affect the CETP-mediated lipid transfer reac-
tion independently (8). In fact, previous studies have dem-

onstrated that overexpression of apoCl in the CETPTg
mouse model produces two opposite effects with regard to
levels of plasma CETP activity: ¢) a blockade of CETP as
assessed by a significant decrease in specific CETP activity,
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but #) an increase in VLDL acceptors and CETP concen-
tration producing an opposite tendency toward a rise in the
total plasma CET rate (19). The latter effect even seemed
to predominate in the HuCITg/CETPTg mouse model in
terms of cholesteryl ester transfer rates since overexpres-
sion of apoClI resulted in a rise, not a decrease, in the total
plasma CET rate (19).

Beyond previous studies in genetically engineered mice,
this study brings the first evidence of the inhibition of
CETP by apoCI in normolipidemic human plasma, in par-
ticular through a strong, negative correlation between the
plasma concentration of human apoCI and specific CETP
activity. These results come in new support of previous
studies that demonstrated that the immunospecific re-
moval of apoCI from the HDL surface was indeed associ-
ated with a significant decrease in their ability to block the
CETP-mediated lipid transfer reaction in humans (22).
The relevance of observations in humans was further sus-
tained by the comparison with observations in rabbits. In
the latter species, the positive association of apoCI with
CETP activity in univariate analysis might actually reflect
coordinated variations in CETP and apoCI expression,
and increasing apoCI concentration did not translate into
a significant decrease in specific CETP activity in rabbits.
Multivariate analysis confirmed that CETP was the only sig-
nificant determinant of the rate of plasma cholesteryl ester
transfer in normal rabbits fed a chow diet, indicating that
in normal rabbits, interindividual variations in either tri-
glycerides or apoClI did not modulate plasma cholesteryl
ester transfer rates. In contrast, both CETP and apoCI
concentrations in normolipidemic humans were found to
contribute significantly to plasma CETP in multivariate
analysis, again with no significant effect of triglycerides in
the population studied. In other words, CETP activity in
normolipidemic human plasma is largely influenced by
the endogenous apoCl inhibitor, and, in contrast to rab-
bits, CETP concentration should not be considered a reli-
able marker of plasma cholesteryl ester transfer rates in
humans. It should be emphasized that mean plasma tri-
glyceride levels in both the normolipidemic subjects and
rabbits were below the elevated values at which cholesteryl
ester transfer activity is known to be magnified (45, 46).
The degree of hyperytriglyceridemia in humans is known
to influence the CETP-mediated accumulation of choles-
teryl esters in VLDLs (47, 48), indicating that the low tri-
glyceride levels in this study might account in part for the
lack of a significant effect of triglycerides on CETP activity.
In normolipidemic humans with low plasma triglycerides,
most of plasma apoCI (>90% of total) is known to localize
in HDL (38). Thus, it is plausible that in this case the CETP
inhibitory potential of HDL-bound apoCI predominates
over the concomitant and potentially harmful ability of
VLDL-bound apoCI to produce an accumulation of tri-
glycerides in the bloodstream. In turn, the hypertriglyc-
eridemic potential of apoCl resulting from impaired
triglyceride clearance might well predominate when
apoCl-rich VLDLs tend to accumulate [i.e., as in transgenic
mice overexpressing human apoCI (19) and in dyslipi-
demic patients (20, 21)]. In the latter case, and in contrast
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to normolipidemia in which the contribution of triglycer-
idemia to total plasma cholestryl ester transfer activity is
minimal, high triglyceride-rich lipoprotein acceptors
might also contribute significantly to the plasma choles-
teryl ester transfer rate in addition to CETP alone or both
CETP and apoCl in rabbits and humans, respectively.

It is concluded that apoCI at normal, physiological lev-
els contributes significantly to the reduction in the plasma
CET rate in humans. Specific CETP activity in normolip-
idemic plasma with low apoCI concentration was up to
twice that in plasma with a high apoCI concentration, indi-
cating that apoCI should be considered a major determi-
nant of CETP activity in humans. Whether the apoClI level
and the degree of endogenous CETP inhibition might ac-
count for differences in the outcomes of pharmacological
CETP inhibition in rabbits and humans will deserve fur-
ther attention Jill

The authors thank Philip Bastable for manuscript editing.
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