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Abstract

The cholesteryl ester transfer protein (CETP) transfers lip-
ids among lipoprotein particles and plays a central role in
lipoprotein metabolism. Humans with genetic deficiency of
CETPhave both elevated HDLcholesterol and apolipopro-
tein A-I concentrations as well as decreased LDL cholesterol
and apolipoprotein B levels. The present study was under-
taken to elucidate the metabolic basis for the decreased LDL
cholesterol and apo B levels in CETPdeficiency. Wecon-
ducted a series of in vivo apo B kinetic studies in two unre-
lated homozygotes with CETPdeficiency and in control sub-
jects. A primed constant infusion of stable isotopically la-
beled phenylalanine was administered to the two CETP
deficient subjects and control subjects and apo B kinetic
parameters in VLDL, intermediate density lipoproteins, and
LDL were obtained by using a multicompartmental model.
The fractional catabolic rates (FCR) of LDL apo B were
significantly increased in the CETP-deficient subjects (0.56
and 0.75/d) compared with the controls (mean FCRof 0.39/
d). Furthermore, the production rates of apo B in VLDL
and intermediate density lipoprotein were decreased by
55% and 81%, respectively, in CETPdeficiency compared
with the controls. In conclusion, CETP-deficient subjects
were demonstrated to have substantially increased catabolic
rates of LDL apo B as the primary metabolic basis for the
low plasma levels of LDL apo B. This result indicates that
the LDL receptor pathway may be up-regulated in CETP
deficiency. (J. Clin. Invest. 1995.96:1573-1581.) Key words:
cholesteryl ester transfer protein - kinetics * stable isotopes
* low density lipoproteins * apoliprotein B

Introduction

Plasma concentrations of LDL are correlated with the risk of
coronary heart disease (1). Apo B-100 is the major protein
associated with LDL. LDL are derived from VLDL, which are
secreted by the liver. VLDL triglycerides undergo hydrolysis
by the action of lipoprotein lipase and are converted to smaller
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VLDL and finally to intermediate density lipoproteins (IDL).'
Further lipolysis mediated by hepatic lipase converts IDL to
LDL. During this lipolytic cascade, lipoprotein particles can be
directly removed by the liver. VLDL and IDL have been pro-
posed to removed primarily via the remnant receptor and the
LDL receptor with apo E as the ligand, while LDL is catabolized
via the LDL receptor. Thus, LDL cholesterol levels are regu-
lated by several factors: rate of secretion of the precursor lipo-
protein (VLDL), partitioning of VLDLpathway between direct
removal and conversion to LDL, the affinity of LDL for the
LDL receptor, and the hepatic LDL receptor activity (2).

Cholesteryl ester transfer protein (CETP) is a plasma glyco-
protein which catalyzes the transfer of cholesteryl esters and
triglycerides among lipoproteins (3, 4). There is a net transfer
of cholesteryl ester from HDLto apo B-containing lipoproteins
which are eventually converted to LDL. The transferred choles-
teryl esters present in LDL are taken up by the LDL receptor
in liver and peripheral tissues. Complete CETP deficiency in
humans (5-8) has been proposed to be associated with longev-
ity (5). Homozygotes for CETPdeficiency have markedly ele-
vated HDL-C and plasma apo A-I levels as well as decreased
LDL-C and plasma apo B levels (6, 9, 10). In addition, LDL
in CETPdeficiency differ from normal LDL in being cholesteryl
ester poor and triglyceride rich as well as more polydisperse in
size (11-13). These findings imply a role of CETP in the
metabolism of both HDLas well as apo B-containing lipopro-
teins. In a previous apo A-I kinetic study, we established that
markedly delayed apo A-I catabolism accounts for the elevated
plasma apo A-I levels in CETPdeficiency (14). However, the
exact mechanism by which CETP deficiency results in low
levels of apo B has not been established.

The present study was undertaken to determine the meta-
bolic effect of CETPdeficiency on apo B metabolism in vivo.
The first series of studies was designed to address whether
isolated CETP-deficient LDL are rapidly catabolized in control
subjects, addressing the question of whether the abnormal lipid
composition of CETP-deficient LDL alters its catabolism. In
the second series of studies, we used an endogenous stable
isotope labeling method to directly investigate apo B metabo-
lism in CETP-deficient subjects.

Methods

Study subjects. Two unrelated homozygotes for CETP deficiency and
nine control subjects were investigated. The CETP-deficient subjects

1. Abbreviations used in this paper: CETP, cholesteryl ester transfer
protein; FCR, fractional catabolic rate; IDL, intermediate density lipo-
protein; PR, production rate.
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( 1 ) Figure 1. The compart-
mental model used to fit
apo B tracer/tracee data
for the CETP-deficient

2 subjects and control sub-
jects. Compartment 1
represents the plasma

ti zVLDL amino acid (phenylala-
nine) pool and was used
as a forcing function.
Compartment 2 repre-
sents the delay time for

IDL the synthesis and secre-
tion of apo B. Compart-
ments 3 and 4 are VLDL
subfraction pools and

LDL compartments 5 and 6
are the IDL and LDL
pools.

were both homozygous for the G to A point mutation of the intron 14
splice site as previously reported (14). All study subjects had normal
fasting plasma glucose levels and normal thyroid, hepatic, and renal
function. The study protocol was approved by the Internal Review
Boards of Jikei University School of Medicine (Tokyo, Japan) and the
National Heart, Lung and Blood Institute (Bethesda, MD). Informed
consent was given by each of the participants.

Study 1: kinetic study of CETP-deficient LDL in control subjects.
LDL (density = 1.019-1.063 grams/ml) were isolated by sequential
ultracentrifugation from (15) the two CETP-deficient homozygotes and
from three control subjects. After extensive dialysis against PBS, the
lipoproteins were applied to an anti-apo A-I immunoaffinify column.
Unbound fractions were collected and reapplied to the anti-apo A-I
column to remove the buoyant HDL particles present in this density
range in CETPdeficient plasma (12, 14, 16). Purity of the LDL in the
unbound fraction was confirmed by agarose as well as native gradient
polyacrylamide gel electrophoresis before labeling. LDL from CETP-
deficient subjects and control subjects were dialyzed against a 1-M
glycine (pH 10) buffer and labeled with 125I and 131I, respectively, as
previously reported (17). Labeled LDL were extensively dialyzed at
4°C against PBS containing 0.01% EDTAovernight. The samples were
sterile-filtered through a 0.22-Mm filter (Millipore Corp., Bedford, MA)
and tested for pyrogens and sterility before injection.

3 d before injection, study subjects were placed on an isoweight
diet. 1 d before the study, the subjects were given potassium iodide
(900 mg) which was continued throughout the study period. CETP-
deficient '25I-LDL and autologous control 131I-LDL were injected into
three control subjects after a 12-h fast. Blood samples were obtained

10 min after the injection and then 1, 3, 6, 12, and 24 h and at 2, 3, 4,
5, 7, 9, 11, 14 d. Blood was drawn into tubes containing EDTA at a
final concentration of 0.1% and plasma was immediately separated by
low speed centrifugation. Radioactivity in a 4-ml plasma aliquot was
quantitated in a Packard Cobra gamma counter (Packard Instrument
Co., Downers Grove, IL). Plasma radioactivity curves were constructed
by dividing the plasma radioactivity by the 10-min plasma counts and
were fit to two exponentials using SAAM31 (18). Residence times
were determined by the area under the curves and fractional catabolic
rates (FCR) were the reciprocal of the residence times.

Study 2: apo B kinetic studies in CETP-deficient subjects. After a 12-
h fast, "3C6-phenylalanine (99% '3C6; Cambridge Isotope Laboratories,
Woburn, MA) was administered to the two homozygous CETP-deficient
subjects and six control subjects as a priming bolus of 600 pg/kg,
immediately followed by a constant infusion of 12 qg/kg per min for
up to 12-16 h. Blood samples (20 ml) were obtained from the opposite
arm at 10 min, 1, 2, 3, 4, 5, 6, and every 2 h until the end of infusion.
During the infusion, meals were served in equal small portions every 2
h. Plasma was immediately separated by centrifugation at 2,300 rpm
for 30 min at 40C. VLDL, IDL, LDL were isolated by sequential ultra-
centrifugation from 5 ml of plasma and processed for the analysis by a
gas chromatography-mass spectrometry as previously described (14).
Briefly, lipoproteins were dialyzed against 10 mMammoniumbicarbon-
ate, lyophilized, and delipidated. Apo B-100 was isolated by preparative
gradient NaDodSO4-PAGE(5-15%). Apo B-100 bands were cut from
gels, dried overnight (90°C), and subjected to hydrolysis in 6 N HCO
(Ultrapure grade; J. T. Baker, Inc., Phillipsburg, NJ) at 10°C for 24
h. The protein hydrolysates were lyophilized in a Speed-Vac evaporator
(Savant Instruments, Inc., Farmingdale, NY). Plasma-free amino acids
and protein hydrolysates were purified by cation exchange chromatogra-
phy (AG-50W-X8; Bio-Rad Laboratories, Richmond, CA). Recovered
amino acids were derivatized to the N-heptafluorobutyryl isobutyl esters,
dissolved in ethyl acetate, and analyzed by a gas chromatography-mass
spectrometry on a Finnigan MAT4500 (Finnigan MAT, San Jose, CA)
in the chemical ionization mode, using isobutane as the reagent gas.
Selective ion monitoring at 418 m/z for unlabeled phenylalanine and
424 m/z for 13C6-phenylalanine was used to determine the isotope ratio.
Each sample was analyzed at least three times. Acquired data were
converted to tracer/tracee ratios using the method of Cobelli et al. (19).

A multicompartmental model was used to analyze the tracer/tracee
data as shown in Fig. 1. C(1) is the plasma phenylalanine pool and
used as the forcing function and described using QL function (18).
C(2) is a delay compartment for lipoproteins assembly in the liver and
described as DT(2). C(3) and C(4) are used to represent pools for
VLDL subfractions which account for the delipidation chain. C(5) and
C(6) represent pools in IDL and LDL. L(I,J) is a rate constant from
C(J) to C(I), which is equal to the rate constant of apo B. Weassumed
that steady state conditions were maintained throughout the study period.
Under these conditions, the fractional synthetic rate is equal to the
fractional catabolic rate (FCR). The FCRof VLDL apo B was calcu-

Table L Characterization of Study Subjects

Subjects Sex Age Weight BMI TC TG HDL-C Apo A-I Apo B

yr kg kg/M2 mg/dl

CETPdeficiency
I M 42 83.0 26.0 251 98 177 210 61
2 F 67 42.0 18.7 282 79 170 216 60

Control subjects (n = 9)
Mean 21 65.8 23.2 180 88 47 120 111
SD 1.6 8.4 3.6 22 38 9 18 11

BMI, body mass index; M, male; F, female.
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Table II. Chemical Composition of LDL in CETPDeficiency

Subjects Protein Triglyceride Phospholipid Free cholesterol Cholesteryl ester

percentage of total mass

CETPdeficiency
1 22.7 12.3 23.7 12.4 29.0
2 10.1 15.0 27.7 14.8 32.4

Control subjects (n = 4)
Mean 22.9 5.9 20.1 9.3 41.9
SD 3.5 1.5 1.0 0.5 1.8

LDL was isolated by using an anti-apo A-I immunoaffinity column from the lipoproteins (d = 1.019-1.063 grams/ml).

lated using weighted average of the turnover of the two VLDL pools,
as previously reported (20). The formula for VLDL apo B FCR was
the following:

VLDL apoB FCR

M(3) x (L(0,3) + /L(5,3) + L(6,3)) + M(4) x (L(0,4) + L(5,4))
M(3) + M(4)

where M(I) represents phenylalanine mass in compartment I.
The FCRof apo B in IDL and LDL was equal to (L(0,5)+L(6,5))

and L(0,6) respectively. Similar models to this have been previously
reported by other investigators (20-22). Apo B concentration (mg/dl)
was converted to mass of phenylalanine, M(I), using the relative content
of phenylalanine of 6% based on the reported amino acid composition
of apo B-100 (23-25) and plasma volume which was assumed as 4%
of body weight. Due to the uncertainty related to low concentration of
apo B in VLDL and IDL, we fixed the calculated value to the measured
value for LDL apo B and left VLDL and IDL masses adjustable. The
measured VLDL and IDL apo B masses were added to the analysis as
weighted data. The data were analyzed to determine the kinetic parame-
ters using the SAAM31 (18). The production rates (PR, mg/kg per
d) were calculated from the following formula:
PR = (plasma apolipoprotein concentration) X (volume of distribution
of the apolipoprotein) X FCR
The volume of distribution of the apolipoprotein was assumed to be 4%
of the body weight.

Analytical methods. Total cholesterol and triglyceride levels were
determined by automated enzymatic techniques on an Abbott VPSS
analyzer (Abbott Laboratories, North Chicago, IL). HDL cholesterol
was measured by dextran sulfate precipitation (26). Apo B concentra-
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Figure 2. Metabolism of 1251I-CETP-deficient LDL (filled squares with
solid line) and "3I-autologous LDL (open triangles with dotted line) in
a representative control subject.

tion was measured by competitive enzyme-linked immunoassay (27).
Lipids and protein content of LDL were determined by enzymatic calori-
metric method (Wako chemicals USA, Inc. Richmond, VA) and bic-
inchroninic acid protein assay (Pierce, Rockford, IL), respectively.

Results

Characterization of the study subjects. The clinical characteris-
tics and lipid values of the subjects with CETPdeficiency are
shown in Table I. Values are the mean of five fasting determina-
tions made during the study. Plasma lipid and apolipoprotein
concentrations remained in steady state throughout the study
period. The nine control subjects had normal fasting lipid and
apolipoprotein levels. In the CETP-deficient subjects, plasma
apo B levels were 46% lower than in controls (P < 0.05).

Study 1: kinetic study of CETP-deficient LDL in control
subjects. Table II provides the composition of LDL isolated
from the CETP-deficient and control subjects which was labeled
and injected into control subjects. CETP-deficient LDL had less
cholesteryl ester and increased triglyceride content compared
with control LDL. In addition, we confirmed several discrete
subpopulations in CETP-deficient LDL by nondenaturing gradi-
ent (2-16%) polyacrylamide gel electrophoresis as previously
reported (8, 12). SDS-polyacrylamide gel electrophoresis of
the radiolabeled LDL established that the majority (> 95%) of
radioactivity was associated with apo B-100. Plasma decay
curves of '25I-CETP-deficient LDL and "3'I-autologous LDL in

Table III. Fractional Catabolic Rates of CETP-deficient LDL and
Autologous LDL in Control Subjects

Fractional catabolic rates

Control subjects CETP-deficient LDL* Autologous LDL

d

1 0.36±0.004 0.41±0.004
2 0.47±0.006 0.82±0.011
3 0.43±0.016 0.57±0.009

Mean 0.41 0.60
SD 0.05 0.17

* CETP-deficient LDL isolated from the CETP-deficient subject 1 was
injected into control subject 1 and that from CETP-deficient subject 2
was injected into control subject 2 and 3. Values are given as best
estimates±SD.
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Figure 3. Tracer/tracee ratio
curves for VLDL apo B (squares
with solid lines), IDL apo B (tri-
angles with dotted lines), and
LDL apo B (circles with dashed
lines) in the CETPdeficient sub-
ject 1 (A), CETPdeficient subject
2 (B), and representative control
subject 1 (C). All the data were2 4 6 8 10 12 14 16 fitted by the multicompartmental

TIME (hours) model described in Fig. 1 using
SAAM31.

a representative control subject (subject 3) are shown in Fig.
2 and the kinetic parameters of CETP-deficient and autologous
LDL in all three control subjects are provided in Table III. The
mean FCRof CETP-deficient LDL was 0.41 ± 0.05/d, which
was 30% slower than that of autologous control LDL of 0.60
± 0.17/d (P = 0.09 by paired t test). Based on these results,
it is unlikely that the altered composition of LDL in CETP
deficiency causes rapid catabolism accounting for the decreased
LDL apo B levels in these subjects. In contrast, the abnormal
CETP-deficient LDL is more slowly catabolized in normal sub-
jects compared with normal LDL.

Study 2: apo B kinetic studies in CETP-deficient subjects.
To elucidate the metabolic basis of the decreased LDL apo B
levels in CETP deficiency, we performed endogenous stable
isotope labeling of apo B in two CETP-deficient subjects. Under
a primed constant infusion of labeled phenylalanine, steady state

plasma tracer/tracee ratios were 6.8% for CETP-deficient sub-
ject 1 and 9.8% for subject 2, and 5.7 ± 0.4 (mean ± SD) for
six control subjects. The tracer/tracee ratio curves for VLDL,
IDL, and LDL apo B in the two CETP deficient subjects (A
and B) and control subject 1 (C) are shown in Fig. 3. In the
control subjects, as shown in Fig. 3 C, the apo B tracer/tracee
ratios rapidly increased and reached plateau level within 6 to 8
h in VLDL and by the end of the infusion in IDL. The rate of
increase of the IDL apo B tracer/tracee ratios in the CETP-
deficient subjects was delayed compared with the control sub-
jects. Furthermore, unlike in the control subjects, the IDL apo
B tracer/tracee ratios were substantially lower than those of
VLDL apo B at the end of the infusion. In contrast, the LDL
apo B tracer/tracee curves in the CETP-deficient subjects were

higher relative to the VLDL and IDL curves compared with the
control subjects.
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Table IV provides a list of rate constants (L(I,J)) and delays
(DT(2)) in all study subjects. Although not statistically sig-
nificant, direct removal from the large VLDL compartment
(L(0,3)) was increased by 124% in the CETP-deficient sub-
jects. Direct removal from the small VLDL compartment was

not different between CETPdeficient subjects and controls. The
rate of conversion from large VLDL to IDL apo B was de-
creased by 85% in CETPdeficiency, but conversion from small
VLDL to IDL apo B was similar between CETP-deficient sub-
jects and controls. Direct conversion of large VLDL to LDL
was decreased by 37% in CETP deficiency, but this was not
statistically significant. Direct removal from the IDL compart-
ment was undetectable in CETPdeficiency. However, rates of
conversion from IDL to LDL in CETP deficiency were not
different from those in control subjects. Finally, the rate of
removal from LDL was significantly increased by 69% in CETP
deficiency.

The apo B kinetic parameters are summarized in Table V. In
the CETP-deficient subjects, VLDL apo B FCRs and production
rates were decreased by 41 and 55% compared with controls.
However, the differences were not statistically significant (P
= 0.32 for both FCRand PR). Both the FCRs and PRs of IDL
apo B were significantly decreased by 57 and 81%, respectively,
in CETPdeficiency (P < 0.05). Finally, the FCRs of LDL apo
B were found to be significantly increased by 69% (P < 0.05)
in the CETP-deficient subjects. The LDL apo B production rates
were not different in CETPdeficiency compared with controls.
These results establish that increased catabolism of LDL apo B
is the major metabolic basis for the decreased LDL apo B levels
in CETPdeficiency.

The metabolic channeling of apo B in CETP deficiency is
summarized in Table VI. In normal subjects, 34% of VLDL
apo B was directly removed, 52% was converted to IDL, and
33% was eventually converted to LDL. In the CETP-deficient
subjects, the direct removal of VLDL was slightly increased
and the conversion from VLDL to IDL was slightly decreased,
whereas the conversion to LDL was increased by 81%. None

Figure 3 (Continued)

of these differences, however, were statistically significant. In
the controls, most LDL production (87%) was via the VLDL-
IDL-LDL cascade, with only 13% through a shunt pathway
(VLDL directly to LDL). In CETPdeficiency, however, 26%
of LDL was synthesized through the shunt pathway, a twofold
increase compared with controls. Although this increase failed
to reach statistical significance (P = 0.18), this observation
may help to explain the formation of polydisperse LDL in CETP
deficiency.

Discussion

CETPplays an important role in the exchange of lipids among
plasma lipoproteins (28). Humans with CETPdeficiency have
elevated levels of HDLcholesterol and apo A-I (5, 6, 8). Sev-
eral investigators have also reported decreased LDL-C and
plasma apo B levels in homozygous CETP-deficient subjects
(6, 10). The hypothesis that CETPhas a direct effect on LDL
cholesterol and apo B levels was supported by the findings of
increased LDL-C and apo B levels in transgenic mice overex-

pressing CETP (29) and the correlation of CETP mass with
LDL-C and apo B levels in cynomolgus monkeys fed a high
cholesterol diet (30). To elucidate the metabolic basis for the
decreased plasma apo B levels in CETPdeficiency, we investi-
gated apo B kinetics in CETP-deficient subjects.

CETP-deficient LDL has been shown to be rich in triglycer-
ide and poor in cholesteryl esters (12, 13), reflecting the lack
of lipid exchange with HDL. We first hypothesized that this
abnormal LDL composition may accelerate catabolism and ac-

count for the decreased LDL apo B in CETPdeficiency. LDL
kinetic studies in control subjects were performed to address
this hypothesis. To our surprise, CETP-deficient LDL was found
to be catabolized more slowly than autologous normal LDL,
indicating that the abnormal LDL composition does not result
in higher affinity to the LDL receptor. Delayed catabolism of
CETP-deficient LDL relative to the normal LDL in this study
is consistent with the finding by Hirano et al., who suggested

Metabolism of Apo B in Humans with CETPDeficiency 1577
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a decreased affinity of CETP-deficient LDL to fibroblast LDL
receptors in vitro (31). This result also compares favorably
with the finding by Aviram et al. (32) that triglyceride-rich
LDL showed less affinity to the LDL receptor. Therefore, we
concluded that the altered LDL particles did not have higher
affinity to the LDL receptor, and thus could not explain the
decreased LDL apo B levels in CETPdeficiency.

Wethen investigated apo B kinetics in two CETP-deficient
subjects using endogenous stable isotope labeling. These studies
indicate that increased catabolism of LDL apo B is the major
mechanism for the decreased LDL apo B levels in CETPdefi-
ciency. This result, together with the radiolabeled LDL tracer
study, indicates possible up-regulation of LDL receptor activity
in CETPdeficiency. This conclusion is consistent with the find-
ing in transgenic mice overexpressing human CETPthat hepatic
LDL receptor mRNAlevels were decreased (33). Further,
Kushwaha et al. have recently reported that baboons with less
CETPactivity had higher levels of hepatic LDL receptor mRNA
(34). CETP-mediated transfer of cholesteryl esters from HDL
to apo B-containing lipoproteins has been postulated to be the
major pathway of reverse cholesterol transport in humans (28,
35). In the absence of CETP, it is possible that LDL is less
efficient in delivering cholesterol to the liver, resulting in the
up-regulation of hepatic LDL receptor activity.

Another finding in the present study was decreased produc-
tion of VLDL and IDL apo B in the CETP-deficient subjects.
There have been recent reports regarding the regulation of he-
patic apo B secretion in response to changing intracellular
cholesteryl ester concentrations. Tanaka et al. (36) and other
groups (37, 38) have reported a correlation between hepatic
cholesteryl ester concentration and apo B secretion by demon-
strating increased apo B secretion induced by the addition of
LDL using cultured hepatocytes. Hennessy et al. (39) reported
that up-regulation of hepatic apo B mRNAlevels was associated
with the suppression of LDL receptor mRNAlevels in monkeys
fed saturated fat and cholesterol. Our results are consistent with
the concept that lack of CETP is associated with decreased
hepatic apo B secretion and increased hepatic LDL receptor
activity, both of which contribute to the decreased steady state
concentrations of LDL apo B in CETP deficiency.

The chemical composition of apo B-containing lipoproteins
has been shown to be altered in CETP deficiency (12, 40),
indicating a critical role of CETP for the formation of these
lipoproteins. In the present study, direct removal of small VLDL
(L(0,4)) and IDL (L(0,5)) were found to be virtually absent
in CETPdeficiency (Table V), possibly reflecting altered chem-
ical composition. Previous studies suggested that CETP plays
a major role in the formation of LDL, based on the marked
heterogeneity of LDL size in CETPdeficiency (12, 13). In the
present study, although the overall production rate of LDL apo
B was not different from controls, we found that lack of CETP
modulated the synthetic pathway for LDL apo B. In normal
subjects, LDL was predominantly derived from VLDL via IDL.
In contrast, the shunt pathway from VLDL to LDL increased
twofold in CETP deficiency, suggesting the possibility that the
two discrete synthetic pathways (shunt pathway and cascade
pathway through IDL), together with the lack of a subsequent
LDL remodeling process, may cause the polydisperse LDL pat-
tern typically observed in homozygous CETPdeficiency.

Recently, Foster et al. (41 ) critically reviewed apo B kinetic
studies using stable isotope in which either a linear regression
(42-44) or a monoexponenetial function (45, 46) was used to
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Table V. Kinetic Parameters of Apo B in Subjects with CETPDeficiency

VLDL IDL LDL

Subjects Concentration FCR PR Conc. FCR PR Concentration FCR PR

mg/dl d mg/kg per d mg/dl d mg/kg per d mg/dl d mg/kg per d

CETPdeficiency
1 5.6 5.4±0.6 12.2 1.7 6.0±21.6 4.2 53.2 0.56±0.04 12.0
2 5.4 9.0±1.6 19.3 2.2 7.0±2.9 6.3 52.3 0.75±0.05 15.7

Control subjects (n = 6)
1 7.5 8.3±23.0 24.7 5.6 7.7±0.9 17.1 109.0 0.45±0.02 19.7
2 4.3 7.0±6.7 12.0 3.8 7.4±1.0 11.3 108.9 0.45±0.04 19.4
3 5.7 29.7±10.1 67.8 4.8 25.2±9.2 48.2 94.5 0.54±0.02 20.3
4 12.3 10.7±1.3 52.8 4.1 18.8±8.6 30.7 84.7 0.33±0.03 11.0
5 4.0 11.6±6.4 18.5 3.6 23.1±133.9 32.9 101.2 0.40±0.02 16.0
6 12.5 6.6±2.9 32.8 8.2 8.5±734.7 27.8 95.7 0.18±0.01 6.8
Mean 7.7 12.3 34.8 5.0* 15.1* 28.0* 99.0* 0.39* 15.6
SD 3.5 8.0 19.6 1.6 31.7 11.8 8.6 0.11 5.0

* P < 0.05 by Mann-Whitney U test compared with the mean of the CETPdeficient subjects. Values for FCRs are given as best estimates±SD.

calculate kinetic parameters. None of these methods are consid-
ered to be physiologically valid to describe heterogeneous apo
B-containing lipoprotein metabolism. Therefore, we developed
a multicompartmental model for analysis of our data similar to
one previously reported by Barrett et al. (20-22). With this
model, the fractional standard deviations for L(0,6), a frac-
tional catabolic rate for LDL apo B, were < 9% (Table IV).

Although controversial, it has been proposed that CETP
deficiency may be associated with protection against coronary
heart disease, based on the observed longevity in one kindred
(5) as well as the lack of evidence of coronary heart disease
(10) in other kindreds with CETP deficiency. Several other
lines of evidence also support this hypothesis. Variation in

plasma CETPactivities among animal species is positively cor-
related with the susceptibility to atheroscrelosis (35). CETP
mass is directly correlated with the extent of coronary athero-
sclerosis in monkeys fed a high cholesterol diet (30). Finally,
transgenic mice overexpressing simian CETPdeveloped accel-
erated atherosclerosis (47). The present study, together with
our previous metabolic study of apo A-I in CETP deficiency,
has established that a lack of CETPhas a major influence on
the entire spectrum of lipoprotein metabolism. Although the
issue as to whether increased apo A-I levels due to delayed
catabolism is beneficial still remains to be proven, low LDL
levels caused by increased catabolism are likely to be beneficial
metabolic alterations.

Table VL. Metabolic Channeling of Apo B in Subjects with CETPDeficiency

Removal* from Conversion5 from VLDL to LDL synthesist

Subjects VLDL IDL LDL IDL LDL Shunt pathway Cascade

percent

CETPdeficiency
1 29.6±11.9 0.1±0.7 70.0±11.7 41.2±72.8 70.0±11.7 41.5±104.3 58.6±104.3
2 49.3±29.4 0.0±0.0 50.7±10.9 44.9±26.8 50.7±10.9 11.4±5.3 88.6±5.3

Control subjects (n = 6)
1 50.7±144.9 0.0±0.0 49.3±147.8 46.2±135.2 49.3±147.8 6.3±2.8 93.7±0.3
2 24.4±69.5 0.1±2.4 75.6±70.6 69.2±62.6 75.6±70.6 8.6±11.7 91.4±11.7
3 23.2±56.3 52.4±51.9 24.4±8.6 72.8±55.5 24.4±8.6 16.4±15.4 83.6±15.4
4 6.9±0.9 15.4±7.4 15.3±7.4 25.1±7.4 15.3±7.4 36.9±14.4 63.1±14.4
5 66.2±37.8 13.2±28.5 20.6±11.5 31.8±34.3 20.6±11.5 9.7±16.8 90.3±16.8
6 34.4±8.2 51.3±815.1 14.4±8.1 65.6±823.6 14.4±8.1 0.0±0.0 100±6.2
Mean 34.3 22.1 33.3 51.8 33.3 13.0 87.0
SD 19.4 21.9 22.2 18.6 22.2 11.8 11.8

Values are given as best estimates±SD. * (R(0,3) + R(0,4))/R(3,2) represents removal from VLDL, R(0,5)/R(3,2) from IDL, and R(0,6)/R(3,2)
from LDL. (R(5,3) + R(5,4))/R(3,2) represents conversion from VLDL to IDL, and (R(6,3) + R(6,5))/R(3,2) from VLDL to LDL, which is equal
to the removal from LDL since R(6,3) + R(6,5) = R(0,6). R(I,J) is a variable that represents the flux or transport of tracee from compartment J to
compartment I. I Shunt pathway for LDL synthesis represents R(6,3)/R(0,6) and cascade pathway from VLDL through IDL represents R(6,5)/
R(0,6).
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In summary, complete deficiency of CETP results in the
increased catabolism of LDL apo B probably by the up-regula-
tion of LDL receptor activity. This study provides new insights
into the role of CETPin apo B metabolism and indicates that
inhibition of plasma CETPactivity may be a novel method of
reducing the plasma levels of LDL cholesterol by enhancing
LDL catabolism.
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