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Abstract

Cholesteryl ester transfer protein (CETP) promotes in vitro
transfer of cholesteryl ester (CE) and triglyceride (TG) be-
tween lipoproteins. Westudied the function of CETPin vivo in
rabbit lipoprotein metabolism using a neutralizing monoclonal
antibody (MAb, TP1) to CETP. Rabbits were injected with
TP1 (n = 8), or irrelevant MAb or saline (control, n = 8),
resulting in an initial 71% inhibition of CETP, which fell to
45% after 48 h. HDLCE rose in the inhibited animals, reach-
ing levels that doubled initial and control values at 48 h (P
< 0.001). HDLTGfell reciprocally, but HDLprotein did not
change, suggesting a CE for TG exchange. VLDL CE/TG
decreased. Rabbits were also given V3Hlcholesteryl ether HDL
(a CEanalogue). CETPinhibition delayed the initial clearance
of radioactivity from HDL (control 6.8 vs. TP1 4.1 pools/d)
and plasma (7.8 vs. 5.2 pools/d). We conclude that CETP
plays a quantitatively important role in HDLCEcatabolism in
the rabbit, promoting the exchange of TG for CE and the
clearance of CE from plasma.

Introduction

The incubation of human plasma at 370C results in a net
transfer of cholesteryl ester (CE)' from HDL and LDL to
VLDL, and a reciprocal movement of triglyceride (TG) from
VLDL to LDL and HDL (1, 2). The transfer of CE, TG, and
phospholipids (PL) among the lipoprotein subclasses is me-
diated by lipid transfer proteins. One of these, a cholesteryl
ester transfer protein of M, 74,000, has been purified to homo-
geneity from human plasma (3). Monoclonal antibodies
(MAb) have been obtained by immunizing mice with this puri-
fied CETP. Through the use of these neutralizing MAbs, the

Presented in part at the American Heart Association 1988 Scientific
Session, 15 November 1988, Washington, DC.

Address reprint requests to Dr. Tall, Department of Medicine,
Columbia University College of Physicians & Surgeons, 630 West
168th Street, NewYork, NY 10032.

Received for publication 9 December 1988 and in revised form 24
February 1989.
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lecithin:cholesterol acyltransferase; PL, phospholipid; RBC, red blood
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Mr 74,000 has been shown to be responsible for all of the CE
and TG, and part of the PL transfer activity, in human plasma
(4). In addition, the neutralizing antibodies block the net
transfer of lipids in incubated human plasma without affecting
the rate of cholesteryl ester formation by lecithin:cholesterol
acyltransferase (LCAT) (5). These MAbs were also found to
inhibit CE transfer activity in rabbit plasma, indicating con-
servation of the epitope between rabbits and humans (4).

Although the role of CETP in mediating neutral lipid
transfer in incubated plasma is clear, its significance in the
distribution and catabolism of lipoprotein neutral lipids in
vivo is less certain. Humanstudies shows a progressive shift of
cholesteryl ester from HDL to VLDL as serum triglyceride
levels increase (6), perhaps as a result of CETP-mediated
transfer of CE from HDL to VLDL (5). In rats, injection of
partially purified human CETP resulted in a shift of HDL
cholesteryl ester from larger HDLto VLDLand a depletion of
VLDL triglyceride (7-9). Interpretation of these studies, how-
ever, is limited by the facts that the doses of transfer protein
were uncontrolled and that rats naturally lack CETPactivity.

In this study, we have examined the role of CETP in the
rabbit by injecting neutralizing MAbs, then studying changes
in plasma lipoprotein profiles. Based on current knowledge of
the actions of CETP, we postulated several effects of CETP
inhibition on lipoprotein composition. Primary among these
were an increase in HDLCEand a decrease in VLDLCE, with
reciprocal changes in TG. Wefurther anticipated that LDL CE
might be decreased as a result of depletion of CE in the LDL
precursor, VLDL, and that LDL TGwould increase as a result
of decreased transfer to VLDL. In addition, a decrease in HDL
PL was hypothesized, due to the known contribution of CETP
to PL transfer. Finally, recent evidence suggests that TG en-
richment of HDL, after antibody-inhibition of lipoprotein li-
pase, triggers increased HDLprotein turnover, with a resultant
fall in HDL protein (Goldberg, I. J., personal communica-
tion). This suggested the possibility of a rise in HDLprotein if
CETPinhibition did result in HDLTGdepletion. In a subset
of the rabbits studied, we have also examined the effects of
CETPneutralization on clearance and tissue uptake of [3H]-
cholesteryl ether HDL. Cholesteryl ether is a cholesteryl ester
analogue which is also transferred by CETP. Wehypothesized
that CETPinhibition might result in decreased uptake of CE
by the liver.

The inhibition of CETPin the rabbit caused an increase in
HDL CE and a decrease in HDL TG. In addition, VLDL
CE/TG fell, suggesting that CETPpromotes exchange of HDL
CE for VLDL TG. Clearance of [3H]cholesteryl ether from
both HDL and plasma was delayed, and there was a trend
toward decreased uptake of radioactivity by the liver in inhib-
ited animals.
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Methods

Materials
Isolation of lipoproteins. VLDL and LDL were isolated by sequential
preparative ultracentrifugation at densities 1.006 and 1.063 g/ml. To
prepare HDL, 1 ml of 1.063 bottom fraction was raised to density 1.25
g/ml, overlaid with 1.21 g/ml density NaBr and spun at 40,000 rpm for
48 h, at 10C. A 50.3 Ti rotor and 6-ml sealed polyallomer tubes were

used for all lipoprotein preparations.
Preparation of [3H]cholesteryl ether HDL. [3H]Cholesteryl ether

HDLwas prepared according to the method of Morton and Zilversmit
(10) with slight modifications, and was biologically screened (i.e., in-
jected into a donor rabbit and subsequently reisolated) before injection
into recipient rabbits. 1 mCi [3H]cholesteryl linoleyl ether (32 Ci/
mmol) or [3H]cholesteryl oleyl ether (32 Ci/mmol), 6.25 nmol triolein,
and 3.73 Mmol egg phosphatidylcholine were dried under N2, sus-

pended in 8 ml 2 mMEDTA, I mMdithiothreitol, pH 7.5, and
sonicated at 4°C at a power setting of 4 for four 10-min bursts using a

sonicator (model 185; Branson Sonic Power Co., Danbury, CT) fitted
with a microtip. The resulting emulsion was centrifuged 15 min at
1,000 rpm to remove Ti. The supernatant was injected into 20 ml of d
> 1.063 fraction of rabbit plasma and incubated for 16 h at 37°C, with
the addition of 2 mMEDTA, 2 mMdiethylparanitrophenyl phosphate
(an LCAT inhibitor) and 10 U/ml each of penicillin and streptomycin.
The mixture was then dialyzed against normal saline, 1% each penicil-
lin and streptomycin, for 24 h at 4°C. After dialysis, it was infused
intravenously into a rabbit, over 5 min. The rabbit was exsanguinated
after 1 h and [3H]cholesteryl ether HDL was isolated from the d
> 1.063 fraction of the rabbit plasma. The labeled HDL was exten-
sively dialyzed against normal saline, 1% each penicillin and strepto-
mycin, and passed through a sterile 0.45 Mmfilter. The resulting HDL
preparations had specific activities of 4,200 cpm/ug CE (linoleyl) and
13,700 cpm/ug CE (oleyl). The latter preparation contained 97.5% of
the label as cholesteryl ether, 0.5% as free cholesterol, 1.4% as triglycer-
ide and 0.6% as phospholipid. Both [3H]cholesteryl ether HDLprepa-

rations showed a similar delay in clearance from plasma during CETP
inhibition and the data obtained with the two preparations have there-
fore been combined.

Preparation of monoclonal antibodies. MAbs to CETPhave been
described previously (4). CETP-specific and control MAbs were puri-
fied from mouse ascites fluid by protein A-Sepharose chromatography.
Control MAb was made to a fusion protein of apo-B produced by
bacteria; this control MAbdid not react with native apo-B. Because of
an initial febrile response to MAbinjection in our rabbits, the protein
A-Sepharose column was pre-washed with ethanol to remove pyrogen,

according to the manufacturer's suggestion. MAbs were filtered
through a 0.42-,um filter and stored under sterile conditions. These two
modifications prevented any further febrile responses.

[la,2a(n)-3H]Cholesteryl linoleyl and oleyl ethers, Protosol, Bio-
fluor, and Econofluor were obtained from New England Nuclear Re-
search Products (Boston, MA). All enzymes were obtained from
Boehringer Mannheim Biochemicals (Indianapolis, IN). Ketamine
HCI and xylozine were obtained from Henry Schein Co., Port Wash-
ington, NY.

Procedures
Rabbit studies. New Zealand White male rabbits, 2.5-3.5 kg, were

studied in pairs (experimental and control), matched for plasma cho-
lesterol and triglyceride. Free access to food and water was allowed
throughout the course of the study. During an initial pilot study, rab-
bits (n = 8) were infused with MAb(0.83 mg/kg) at time 0 hours only.
This resulted in modest inhibition of transfer activity during the fol-
lowing 24-48 h (Fig. 2, dashed line). Subsequently, our protocol was

modified to include a secondinfusion of MAbat 6 h (0.42 mg/kg). On
the morning of study, rabbits were bled for baseline studies, then, at
time 0 hours, infused over 5 min with MAb to CETP (inhibited ani-
mals), or irrelevant IgG or saline (control animals). Rabbits studied for

cholesteryl ether tissue uptake received [3H]cholesteryl ether HDLim-
mediately after MAb infusion. Eight experimental and eight control
rabbits were studied using this modified protocol. To reduce the effects
of stress, these rabbits were accommodated to handling and restraint
for several days before study and were kept in their usual surroundings
during the course of the study. Blood volume removed over a 24-h
period was kept to < 20% of total blood volume to minimize hemor-
rhagic lipemia.

Sampling of tissue radioactivity. At the time of sacrifice (24 or 48
h), rabbits were heparinized with 5,000 Uper kg i.v., given a sublethal
injection of xylozine (5 mg/kg) and ketamine (35 mg/kg) and exsangui-
nated by open cardiac puncture. Perfusion with normal saline instilled
through the left ventricle was carried out to a total volume of 2 liters at
which time the perfusate was invariably clear. Puncture of the inferior
vena cava was performed at the start of perfusion to aid in clearing of
the liver. Organs were placed on ice and weighed. Samples of skin,
muscle, and abdominal fat were taken and the percentage of total body
weight of each calculated from published tables (11-13). The small
intestinal lumen was washed with saline until clear.

Protocols for tissue and RBCdigestion were obtained from New
England Nuclear. 200-mg samples of each organ in duplicate were
digested overnight at 550C with 1.5 ml Protosol. Decolorization with
100 Ml 30% H202 was carried out at 550C for 30 min. Samples were
counted in 10 ml Econofluor after a 60-min equilibration period. Total
counts in each organ were derived from the weight of the organ and the
average counts in the digested samples. 250-Ml aliquots of RBCswere
digested in 1 ml of a Protosol/ethanol mixture (1:2, vol/vol). Samples
were incubated at 60C for 60 min. Decolorization with 500 Ml 30%
H202 was carried out at 60°C for 30 min. Samples were counted
following the stepwise addition of 15 ml Biofluor and 0.5 ml of 0.5 N
HCl. There was a 30-min equilibration period before counting. Organ
and RBCsamples were counted for 5 min with an open channel in a
scintillation counter (LS 5801; Beckman Instruments, Inc., Fullerton,
CA) using an Automatic Quench Correction program. 50-Mi aliquots
of plasma were counted in Hydrofluor. The total injected radioactivity
was derived from the 5-min plasma and RBCcounts. Blood volume
was assumed to be 6%of body weight. 200-,gl aliquots of each lipopro-
tein fraction were counted and the total counts in each circulating
lipoprotein fraction derived from the plasma volume and volume
plasma spun.

Analytical methods. Free and total cholesterol were measured enzy-
matically (14-16) and cholesteryl ester mass calculated from the dif-
ference (mean recovery 72.4±3.0%, i.e., 72.4% of the plasma CEmass
was recovered in the isolated lipoproteins). Phospholipid mass was
determined enzymatically according to the method of Takayama (17)
(mean recovery 81.4±3.0%). Triglyceride enzymatic reagent kits were
obtained from Sigma Chemical Co., St. Louis, MO(mean recovery
79.5±2.9%). Cholesterol, TGand PL assays were checked using nor-
mal and hyperlipemic human plasma obtained from the Centers for
Disease Control. Results were within 13 to 27% of the standard for
cholesterol assays, 4 to 34% for triglyceride assays, and 18 to 28% for
phospholipid assays. Protein concentration in VLDL was determined
according to the method of Lowry (18). Protein concentration in LDL
and HDLwas determined using the Bradford reagent system. Lipo-
protein mass data were adjusted for small changes in hematocrit occur-
ring at the 24- and 48-h timepoints.

Measurement of LCAT and cholesteryl ester transfer activity.
LCATactivity was measured from the decrease in free cholesterol mass
following plasma incubation at 37°C for 0, 0.5, 1, 1.5, and 2 h. CETP
activity in rabbit plasma was assayed as described previously (19).

Statistical methods. Due to the large number of measurements in
this study, it was important to control for type I error. Therefore, it was
decided a priori to carry out only a limited number of statistical com-
parisons, based on the original hypotheses and also the changes in
lipoprotein composition implied by these changes (see Introduction
and Tables II and III). In addition, because we were interested primar-
ily in absolute changes in lipoprotein mass regardless of their time-
course, it was decided to define the response of each animal to CETP
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inhibition as the difference between the zero time value and the mean
of all postinhibition values. Comparisons between the two groups (in-
hibited and control) were made by unpaired t tests.

Three additional comparisons were made related to turnover of
[3H]cholesteryl ether. Initial slopes of clearance of radiolabel from
HDLand plasma, and the FCRof plasma were calculated, and statis-
tical comparison between groups made by unpaired t test. Radioactiv-
ity data in plasma and in HDLwere fitted by a sum of two exponentials
(Ae-"t + Be-), representing the response of a two-compartment sys-
tem (one intravascular and one extravascular). Two parameters were
derived from the two-exponential model: the initial (fractional) slope
[(Aa + B#)/A + B] and the (irreversible) fractional clearance rate [A
+ B/(A/a + B/#l)]. Turnover studies are usually done while the animals
are in a steady state (i.e., constant levels of plasma and HDLCEin this
case). However, by making the reasonable assumption that the frac-
tional clearance and turnover rates remain constant even as CE levels
change in response to CETP inhibition, it is possible to derive these
fractional rates from total radioactivity data.

All results are expressed as means±SEM.

Results

Three neutralizing monoclonal antibodies to human choles-
teryl ester transfer protein were obtained by immunizing mice
with a purified preparation of CETP, and have been previously
described (4). To evaluate their activity in the rabbit, each
MAbwas incubated with rabbit plasma at 370C in increasing
concentration (Fig. 1). There was a 62-85% maximum inhibi-
tion of the cholesteryl ester transfer activity. Of the three
MAbs, TPl (formerly 2H4 [4]) was most efficient at inhibiting
transfer activity in the rabbit and was thus chosen for in vivo
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Figure 1. Immunotitration of CE transfer activity in rabbit plasma
by three monoclonal antibodies to human CETP. Rabbit plasma (10
Mul) was incubated with varying concentrations of each of the TP 1,
TP2, and TP3 MAbs for 2 h at 37°C in 60 Ml of Tris-saline-EDTA,
pH 7.5. Isotopic CEtransfer activity was then assayed for 2 h at
37°C. Y-axis represents CEtransfer activity in cpm X l0-3. A, TPl;
*, TP2; *, TP3; A, TPl without 2 h preincubation.

study. Preincubation of MAbTPl with plasma did not signifi-
cantly enhance its ability to inhibit rabbit CETP (Fig. 1,
dashed line). Thus, MAbTPl appeared suitable for in vivo
inhibition of CETPin the rabbit.

The mean level of inhibition of CE transfer activity
achieved in rabbits after intravenous infusion of MAbis shown
in Fig. 2. After a single MAbinfusion at time 0 h, there was an
early peak of 70% inhibition with a fairly rapid fall to 47% by
24 h (Fig. 2, upper dashed line). To achieve a more pro-
nounced inhibition of activity, a second injection of antibody
was given at 6 h. This resulted in a more sustained inhibition
over the first 24 h, with a decrease to 44%by 48 h (Fig. 2, upper
solid line). Control rabbits showed a small but consistent de-
gree of inhibition possibly reflecting stress or blood loss, with
accompanying loss of CETP. This nonspecific inhibition of CE
transfer activity was less pronounced after modification of the
protocol to reduce stress and blood loss (lower solid line).
There was no difference in degree of inhibition in controls
receiving nonspecific monoclonal IgG vs. saline infusion,
hence the data have been combined. The compositional data
that follow are presented for inhibited and control animals (n
= 8 pairs) treated by the modified protocol (i.e., two MAb
injections plus minimization of stress and blood withdrawal).

The mean changes from baseline values for HDLCE, and
TG after injection of MAb are shown in Fig. 3, A and B,
respectively. Most notable was the pronounced rise in HDL
CE in the inhibited animals, which continued throughout the
time course of the study, and reached levels that were almost
twice the initial values (- 20 mg/dl). By contrast, there was
little change in HDLCE in the control animals. There was a
pronounced fall in HDLTGin the TPl-treated animals (Fig. 3
B). The control animals also showed a transient, less marked
fall in HDLTG, which tended to recover by 24 h.
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Figure 2. Inhibition of CE transfer activity in rabbit plasma after
TPl MAbinfusion. Rabbits were initially infused at 0 hours with
0.75 mg/kg TPl (A, n = 8) or nonspecific monoclonal IgG (0.75
mg/kg) or saline (c, n = 7, data combined). Subsequently, the proto-
col was modified to achieve more sustained inhibition. Inhibited ani-
mals (n =8) received 0.83 mg/kg at 0 hours with a boosting infusion
of 0.42 mg/kg at 6 h (-). Control rabbits (n = 8) also received two in-
fusions of IgG (0.83 and 0.42 mg/kg) or saline (o). Aliquots of
plasma (50 Ml of a 1:10 dilution) were incubated in duplicate at 37°C
for 18 h in a 250-Ml volume of Tris-saline-EDTA, pH 7.5 to deter-
mine CE transfer activity. The percent inhibition (y-axis) was calcu-
lated as [1 - (activity after inhibition/initial activity) x 100%]. Re-
sults are means±SEM.
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Figure 3. Mean change from baseline of HDLCE (A) and TG (B).
HDLwas assayed in duplicate for CEand TGconcentration in TPl
(n = 8) and control (n = 8) animals. Results, expressed in mg/dl
plasma, are means±SEMof the change from the 0 hour value for
each animal. The mean initial HDLCEand TGvalues are shown in
Table I. ., TPl injected animals; A, control animals.

The full results of lipid and protein analysis of plasma,
VLDL, LDL, and HDL in inhibited and control rabbits are
presented in Table I. In addition to the changes in HDLlipids
enumerated above, there was a rise in plasma CE level in the
inhibited group, which largely reflected the rise in HDLCE.
There were no other striking differences between the inhibited
and control groups. Although there was a moderate increase in
all VLDL constituents at 24 h, this was similar in control and
inhibited animals, and thus represents a nonspecific response.
Similarly, there were nonspecific increases in LDL constitu-
ents in both control and inhibited animals. It is notable that
the dominant neutral lipid in LDL and HDLwas TG, not CE,
in control animals. Previous workers have also found that
HDL and LDL are markedly enriched in TG in nonfasted
rabbits (20, 21). Separation of IDL from the LDL subfraction
did not alter the high LDL TG.

Tests for statistical significance of several changes in lipo-
protein mass constituents hypothesized a priori (see Introduc-
tion) are presented in Table II. Because we made no prior
assumption regarding the time course of lipoprotein composi-
tional changes, and because we found no uniform time of peak
change in lipoprotein composition, we elected to average all
postinjection values (i.e., 6-, 24-, and 48-h values) for statistical
analysis. The result is designated "mean postinjection re-
sponse" in Table II. A statistical comparison of the mean
change from initial to postinjection response within each
group is also presented.

HDL CE rose significantly comparing the inhibited and
control groups (P < 0.001), and also the postinjection to the
initial value in the inhibited group (P < 0.01). HDLTG fell in
the inhibited group (P < 0.05) but the mean change was not
significantly different from that of the control group. Plasma
CE rose in the inhibited group (P < 0.05), but the difference
between the groups did not quite reach significance (P = 0.10).
Additional hypotheses tested but not found to be statistically
significant included changes in VLDL CE and TG, LDL CE
and TG, and HDLPL and protein.

The percentage composition of each lipoprotein fraction is

presented in Table III. The percent CE in VLDLdecreased in
the inhibited animals, while it tended to rise in the control
group. Primarily as a result of these changes, the CE/TG ratio
fell in the inhibited group and rose in the controls. At 24 and
48 h, the CE/TG ratio is significantly different (P < 0.01)
between the two groups. Although there were some changes in
LDL composition, none were significantly different, compar-
ing control and inhibited animals.

Paralleling the changes in HDLmass outlined previously,
the percent CE in HDLin the inhibited group rose to twice its
starting value, while there was a reciprocal decrease in HDL
percent TG. By contrast, there were no changes in HDLCEor
TG in the control group. Additionally, there was a fourfold
increase in the HDLCE/TG ratio in the inhibited animals, not
seen in controls, while the lipid/protein ratio did not change
significantly. Thus, the lipid compositional changes of HDLin
CETP-inhibited animals largely constituted a CE for TGsub-
stitution. As determined by scanning SDSgels, HDLapopro-
tein composition showed no change with CETPinhibition and
was predominantly apo A-I (85% in controls, 87%in inhibited
animals).

As in human studies (5), the rate of cholesterol esterifica-
tion in rabbit plasma was unaffected by CETPinhibition (data
not shown), indicating that the increase in HDLCEwas prob-
ably due to a decrease in CE catabolism. The effect of CETP
inhibition on clearance of [3Hlcholesteryl ether HDLwas
therefore studied in five pairs of rabbits receiving double in-
jections of MAb. The results for a representative pair of ani-
mals (TPl injected and control) are shown in Fig. 4 A. There
was a marked delay in clearance of radioactivity from HDLin
the inhibited rabbit. Although the control animal showed
lower radioactivity at the initial timepoint and recovery of
radioactivity during isolation of the lipoproteins was 56.2%,
these were not consistent findings in all pairs of rabbits. For the
same pair of rabbits, CETPinhibition also produced a delay in
the clearance of radioactivity from plasma (Fig. 4 B). This
suggests that CETPactivity regulates the catabolism of HDL
CE and perhaps thereby affects the clearance from whole
plasma.

Table IV shows the mean rate of removal of [3H]-
cholesteryl ether from HDLand plasma for five pairs of ani-
mals studied. These values are the means of the initial slopes of
each animal's decay curve using a two-exponential model (see
Methods). There was a significant delay in clearance of radio-
activity from both HDLand plasma (P < 0.05 and P < 0.01,
respectively) when the inhibited group was compared with the
control group. Similar clearance data are not shown for VLDL
and LDL, because, in general, radioactivity recovered in these
lipoproteins was < 10% of the injected dose and there were no
consistent differences between the TPl injected and control
groups. At this level of radioactivity, the 2.5% of injected ra-
diolabel not found in cholesteryl ether becomes significant (see
Methods).

Since the initial slope reflects both redistribution of radio-
label into a noncirculating pool and irreversible removal from
the plasma pool, the plasma FCRwas calculated from the area
under the plasma decay curve. For the TPl-treated animals,
the mean plasma FCRwas 2.73±0.25 pools/d, while for the
control group, it was 3.80±0.37 pools/d (P < 0.05 by unpaired
t test).

The distribution of [3Hlcholesteryl ether radioactivity in
tissues is shown for inhibited and control animals in Table V.
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Table L Plasma and Lipoprotein Lipid and Protein Concentrations in TPI-treated and Control Rabbits*

Time FC CE PL TG Protein

h

Plasma (mg/dl±SEM)
TPI

Control

VLDL (mg/dl±SEM)
TPI

Control

LDL (mg/dl±SEM)
TPl

Control

HDL(mg/dl±SEM)
TPI

Control

0 10.2±2.3
6 12.7±2.8

24 24.1±5.4
48 19.3±4.0

0 14.0±2.7
6 13.0±2.4

24 21.9±3.1
48 23.6±3.9

0 4.9±2.0
6 4.2±1.5

24 10.2±4.1
48 3.7±1.3

0 3.6±0.9
6 2.6±1.1

24 6.3±2.4
48 2.4±1.2

0 1.5±1.2
6 2.0±1.0

24 4.3±1.9
48 3.7±0.7

0 1.6±0.7
6 2.2±0.8

24 3.8±1.4
48 4.1±1.7

0 7.6±3.6
6 9.4±4.5

24 10.7±5.3
48 7.5±0.8

0 7.4±2.5
6 8.2±3.0

24 9.0±3.3
48 8.4±3.5

* Plasma, VLDL, LDL, and HDLat each timepoint from CETP-inhibited (n = 8) and control (n = 8) rabbits were assayed for PL, TG, free
and total cholesterol. Cholesteryl ester was calculated from the difference between free and total cholesterol. Lipoproteins were also assayed for
protein. Results are means in mg/dl plasma±SEM.

Also shown is a group of rabbits not included in the earlier
analysis, which was sacrificed at 6 h. Wehypothesized that
inhibition of CETPwould lead to less uptake of HDLCE in
the liver, since CETP is thought to promote transfer of HDL
CE to VLDL, and VLDL are cleared predominantly in the
liver. There was a trend toward decreased liver uptake of la-
beled cholesteryl ether in the inhibited animals, especially at
24 h after injection of labeled HDL (13% less uptake). How-
ever, the differences in liver uptake, comparing inhibited and
control animals were not statistically significant. In a further
analysis of the data, the percent uptake of radiolabel by liver
after normalization to 100% recovery in each animal was
compared. In paired comparisons, there was a decrease in up-
take of radiolabel by liver in 7 of 10 inhibited animals, no
change in one, and a rise in two (P = 0.07 by paired t test).

Lending further weight to this trend, there was a strong nega-
tive correlation (r = -0.87) in inhibited animals between liver
uptake of [3H]cholesteryl ether and the level of HDLCE fol-
lowing inhibition of CETP (i.e., the higher HDL CE after
CETPinhibition, the fewer counts recovered in the liver). To-
gether with the delay in clearance of [3H]cholesteryl ether from
HDLand plasma shown above, these data suggest that CETP
enhances the clearance of HDLCE by the liver, probably by
transfer into VLDL and subsequent catabolism of VLDL by
the liver.

The remainder of the organs sampled showed only slight
differences in uptake of [3H]cholesteryl ether between the two
groups, with the exception of the kidneys. At all timepoints,
there was more radiolabel in the kidneys of the inhibited ani-
mals than those of the controls with nearly a twofold difference
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181.5±33.1
170.8±20.7
257.4±76.4
138.2±21.2
148.8±17.7
115.6±31.5
175.6±47.0
126.5±26.9

45.1±7.8
46.7±8.2
65.4±12.7
58.0±15.0
47.1±8.3
45.9±8.1
50.9±10.4
45.1±5.2

5.2±1.4
2.5±0.7
4.8±1.6
3.0±1.2
4.9± 1.3
3.9±1.6
7.9±2.4
4.1±1.8

3.0±1.5
2.9±1.1
5.9±2.4
5.6±2.3
4.5±2.8
3.7±2.0
8.0±4.6
5.8±1.2

18.2±6.9
23.6±6.5
29.1±7.9
35.0±15.8
23.3±4.8
21.9±4.3
18.9±5.2
21.3±3.9

94.1±8.0
81.8±6.5

124.2±14.5
103.0±14.6
96.9±8.9
88.0±9.4

123.1±15.1
121.7±12.8

9.3±2.9
7.3±2.2

15.2±4.9
9.5±3.8
6.8±1.5
6.7±2.2

10.9±3.1
4.3±1.0

3.7±1.0
3.8±0.6
7.9±1.8
8.3±1.4
4.7±1.4
5.2±1.3
7.4±1.4

10.0±2.9

57.9±5.5
55.7±6.0
58.9±7.0
69.9±12.8
65.6±6.0
62.0±4.8
65.4±4.6
76.8±12.6

77.7±17.8
68.6±18.0

115.4±38.5
64.2±21.1
57.8±10.3
51.6±18.8
85.2±34.0
28.4±4.2

17.7±3.1
11.0±1.1
15.2±2.1
14.7±1.0
11.8±2.6
10.4±1.0
12.6±1.0
18.0±5.6

70.2±12.5
44.3±5.7
29.8±4.8
31.9±5.3
59.4±9.1
39.7±3.4
49.2±7.8
56.0±8.7

11.3±2.7
8.3±2.1

15.3±4.1
10.8±2.7

8.2±2.3
7.8±3.1

15.0±4.4
7.5±2.6

2.6±0.8
2.4±0.4
5.2±1.1
5.3±0.9
6.0±2.4
3.2±1.1
5.0±0.8
5.8±1.3

68.7±13.1
51.6±8.2
57.6±11.4
62.2±8.3
86.7±12.0
76.9±9.7
79.6±11.6
84.0±13.3



Table I. Tests of Statistical Significance of Changes in Lipoprotein Composition*

Mean postinjection P Value: Initial vs. mean P Value: Mean change, inhibited
Initial value response postinjection response Mean change vs. control group

mg/dl±SEM

Plasma CE1 45.1±7.8 56.8±10.1 <0.05 11.7±4.3 =0.10
CEc 47.1±8.3 49.0±8.8 NS 1.9±3.7

VLDL CE, 5.2±1.4 3.5±1.0 NS -1.8±0.9 NS
CEc 4.9± 1.3 5.0±1.5 NS 0.2±1.6
TGI 77.7±17.8 87.0±24.8 NS 9.3±14.8 NS
TGc 57.8±10.3 54.4±17.1 NS -3.3±9.6

LDL CE1 3.0±1.5 5.1±1.7 NS 2.1±1.2 NS
CEc 4.5±2.8 6.6±3.2 NS 2.1±0.4
TGI 17.7±3.1 13.7±1.0 NS -4.0±3.4 NS
TGc 11.8±2.6 13.0±1.4 NS 1.2±2.3

HDL CE1 18.2±6.9 27.9±8.1 <0.01 9.7±2.3 <0.001
CEc 23.3±4.8 20.9±4.6 NS -2.4± 1.7
TGI 70.2±12.5 36.9±3.2 <0.05 -33.3±13.1 NS
TGc 59.4±9.1 46.0±4.9 NS -13.4±7.8
PLI 57.9±5.5 59.7±7.1 NS 1.8±2.5 NS
PLC 65.6±6.0 66.3±5.6 NS 0.7±2.4
PROT, 68.7±13.1 54.6±9.3 NS -14.1±6.8 NS
PROTc 86.7±12.0 78.2±10.3 NS -8.4±5.8

* Nine a priori hypotheses were tested for statistical significance (see Introduction). For each hypothesis, results are given for inhibited (I, n = 8)
and control (C, n = 8) animals. Results are means of 0 hour values (Initial value); means of 6-, 24-, and 48-h values for each animal (Mean
postinjection value); and means of the change from Initial value to Mean postinjection value for each animal (Mean change); all expressed in
mg/dl plasma±SEM. P values were calculated by unpaired t tests.

at 24 h. As noted above, the total counts recovered was some-
what variable, but without clear differences between control
and inhibited animals at each timepoint. However, the recov-
ery for both control and inhibited rabbits was less at 6 h than at
24 and 48 h, raising the possibility of distribution to a pool not
measured. Of interest in this regard, Hussain et al. have estab-
lished active uptake of CE from chylomicron remnants by
rabbit bone marrow cells (22).

Discussion

The recent development of monoclonal antibodies to the cho-
lesteryl ester transfer protein has made possible the study in
vivo of the effect of CETPinhibition on lipoprotein composi-
tion. Although several earlier studies have suggested a signifi-
cant role for CETPin HDLCEcatabolism, its importance has
never been directly addressed. The present study has demon-
strated that CETPinhibition causes a pronounced increase in
HDL CE, accompanied by a decrease in HDL TG. The in-
crease in HDLCE was due to a delay in catabolism, as sug-
gested by the decrease in fractional catabolic rate of [3H]-
cholesteryl ether in the inhibited animals. These changes oc-
curred even though the CETP inhibition was only partial
(from 70 to 45%, Fig. 2), largely due to the use of a heterolo-
gous MAb (Fig. 1). The data show that CETP is of major
quantitative importance in the catabolism of HDLCE in the
rabbit.

A role of CETPin determining HDLCE mass has been
suggested previously by injection of CETPinto rats (7-9) and
by human studies (6, 23-25). Japanese patients with familial

hyperalphalipoproteinemia develop large, CE-rich HDLdue
to the ongoing activity of LCAT without transfer of CE to
apo-B containing lipoproteins. A lack of CETPhas been pos-
tulated as the cause of their high HDLand low LDL levels (23,
24). However, Groener et al., studying an Italian family with
familial hyperalphalipoproteinemia, showed these patients to
have normal cholesteryl ester transfer activity (25). High levels
of HDL interfere with the assay of CETPactivity in plasma.
Thus, it is unclear whether a deficiency of CETP activity is
secondary to, or the cause of, hyperalphalipoproteinemia.
Cross-sectional studies of human lipoprotein composition
have suggested that the well known inverse correlation be-
tween VLDL TG and HDL CE levels could be due to in-
creased CETP-mediated transfer of CE from HDL to VLDL
(6). Recently, Yen et al. have shown a high correlation be-
tween VLDL TG and the rate of transfer of CE into VLDL
from HDL in incubated plasma, suggesting that the mass of
TG-rich acceptor lipoproteins influences the rate of CE
transfer and thereby HDL CE mass (5). Also, accelerated
transfer of CE from 'HDL to apo B-containing lipoproteins has
been found in hypertriglyceridemic patients with dysbetalipo-
proteinemia, perhaps accounting for the low HDLCE in this
condition (19). However, these findings were different from
those reported by others (26).

In our study, the increase in HDLCEmass was accompa-
nied by a reciprocal fall in HDLTG (Fig. 3), confirming that
CETPmediates exchange of HDLCE with VLDL TG (27).
The molar ratio of the change in mass of HDLCE and TG
(inhibited minus control, Fig. 3) was - 1:1.3, approximating
an equimolar hetero-exchange process (27). Consistent with
the suggestion of a hetero-exchange of VLDL TGwith HDL
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Table III. Percentage Lipoprotein Composition*

Time FC CE PL TG CE/TG Lipid/Protein

h %±SEM

VLDL
TP1 0 4.0±0.8 5.2±0.9 8.7±1.5 82.1±2.1 0.06±0.01 9.6±1.4

6 4.3±0.8 2.9±0.6 7.9±1.6 84.8±2.4 0.04±0.01 10.7±1.5
24 5.7±0.8 3.4±0.5 10.6±1.5 80.3±2.0 0.04±0.01 8.8±0.9
48 4.2±1.2 3.7±1.4 10.7±1.5 81.4±2.3 0.05±0.02 10.5±4.4

Control 0 4.7±0.5 6.3±1.0 9.9±1.9 79.2±3.0 0.08±0.01 10.9±1.9
6 3.2±0.8 4.7±1.1 12.1±2.7 80.0±2.7 0.06±0.02 9.1±1.2

24 4.9±0.7 7.8±1.0 14.4±2.6 72.9±2.9 0.11±0.02 6.5±1.1
48 4.9± 1.8 8.7±2.6 11.8±2.6 74.6±4.2 0.12±0.04 4.9±0.7

LDL
TPI 0 4.3±2.4 10.3±4.1 14.9±2.7 70.5±6.6 0.19±0.08 11.0±1.6

6 8.2±2.8 12.3±4.3 19.8±2.1 59.7±5.8 0.27±0.11 8.6±0.9
24 9.5±2.8 13.2±3.9 24.0±2.5 53.2±6.1 0.33±0.11 6.3±0.5
48 12.0±1.9 14.6±5.2 25.2±2.3 48.2±5.0 0.35±0.14 6.4±0.4

Control 0 6.4±2.0 14.5±3.4 23.1±4.2 79.2±3.0 0.34±0.13 5.7±1.0
6 8.8±2.6 13.1±2.8 23.8±3.4 54.3±4.8 0.30±0.11 6.8±0.5

24 9.4±2.8 17.9±5.0 24.3±1.4 48.4±6.0 0.26±0.04 6.1±0.4
48 10.2±2.3 16.6±2.1 26.1±2.0 47.1±3.0 0.37±0.06 6.3±0.6

HDL
TP1 0 4.8±1.9 10.9±3.2 39.5±3.6 44.7±4.9 0.31±0.12 2.8±0.7

6 6.2±2.2 16.8±3.1 42.7±2.5 34.2±3.3 0.57±0.17 3.1±0.9
24 7.3±2.5 21.3±3.6 46.7±2.4 24.7±4.1 1.19±0.43 2.0±0.5
48 6.0±1.4 20.7±5.5 49.2±2.2 24.1±4.2 1.16±0.48 2.0±0.5

Control 0 4.6±1.5 15.3±3.2 42.1±2.1 38.0±4.8 0.54±0.17 2.2±0.4
6 5.9±2.1 16.2±2.7 46.7±1.4 31.2±3.6 0.63±0.17 1.9±0.3

24 6.0±2.1 13.5±3.7 45.8±2.6 34.7±5.4 0.66±0.34 2.1±0.4
48 4.8±1.7 13.6±2.9 46.4±4.1 35.2±5.4 0.45±0.12 2.1±0.4

* Percent lipid composition of each lipoprotein fraction was calculated for CETP-inhibited (n = 8) and control (n = 8) animals (e.g., 100* FC/
(FC + CE+ PL + TG), all in mg/dl plasma). The CE to TG ratio and the total lipid to protein ratio are also presented. Results are mean per-
cent±SEM. HDLprotein concentration in one TP1 treated animal was excluded due to extreme variation from the mean.

CE, there was a significant decrease in the VLDL CE to TG
ratio in the inhibited animals, compared with controls. How-
ever, the absolute mass of VLDL CEwas low and not signifi-
cantly changed by CETP inhibition, and < 10% of [3H]-
cholesteryl ether radioactivity was recovered in VLDL in both
sets of animals. These results could be explained by extremely
rapid transfer through the VLDL fraction, i.e., transfer of CE
from HDL to VLDL with high turnover of VLDL. Large
VLDL are the preferred acceptors of CETP-mediated transfer
(28-30), and are in large part rapidly removed from plasma
(31, 32). Similarly, transfer could have occurred into chylomi-
crons in these nonfasting rabbits.

Although the rabbit is an adequate species in which to
study the effects of CETPon lipoprotein metabolism, various
limitations were imposed by this model. An unexpected find-
ing in this study was the TG-rich nature of these rabbits' HDL
and LDL. Although the plasma TG levels were comparable to
values found in the literature for nonfasted rabbits (20, 21, 33,
34), a major portion of this was in the HDL. A similar phe-
nomenon has been observed in nonfasted rabbits by others,
but not to this degree (20, 21). Presumably, this reflects in part
the high level of transfer activity in this species, since with

CETPinhibition, the HDLcomposition came to resemble that
of nonfasting rabbits. Stress-mediated hypertriglyceridemia
may also have contributed to this TG enrichment. Despite
measures to minimize stress, plasma TG increased an average
of 54 mg/dl during the accommodation period, just before
study, and showed a further increase during the course of the
study. Even though total plasma TG and cholesterol values
were matched in each pair of rabbits, there were substantial
variations in cholesterol and TGdistributions among the lipo-
proteins, reflecting variability between rabbits. This is reflected
in large SEMsfor lipoprotein composition and differences in
absolute levels (not significant) at 0 hours in control versus
experimental animals (Tables I and III). This interanimal vari-
ability might have contributed to an insensitivity of this study
to subtler changes in lipoprotein composition (e.g., in LDL).
An additional concern was that binding of IgG to CETPwhile
the CETPwas bound to lipoprotein could have altered lipo-
protein metabolism (e.g., by promoting clearance in the
spleen). However, the molar ratio of CETPto HDL is of the
order of 1:1,000, so that even if all HDLparticles containing
CETPwere cleared by the spleen, this would have a miniscule
effect on lipoprotein composition.
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Figure 4. Radioactivity
A remaining in HDL (A)

and plasma (B) after in-
1000 jection of [3H]-
C? ~~~~~~~~~~cholesteryl ether HDL,

shown for a representa-
E tive pair of animals.
0 ~~~~~~~~~CETP-inhibited and

control rabbits were in-
1'00 jected with - ~3.5 X10
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ether HDLafter the ini-
tial infusion of MAb(t

086 24 32 40 48 =~0). Aliquots of
TIME plasma (50 Al) or HDL

B (200 Ml) were counted
in duplicate. The results
are given as the total
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X 000- maiming in plasma or

E
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W ~~~~~~~~~volumeof 6% of body
-I ~~~~~~~~~weight. Computer gen-
c2- ~~~~~~~~~erated curves were

drawn using a two ex-
ponential model of

100. decay (see Methods)..o,
0 8 16 24 32 40 48 TPI injected animal; ,,

TIME control animal.

In inhibited rabbits, total plasma CE rose significantly, and
clearance of labeled CE from plasma was delayed by CETP
inhibition. The fact that whole plasma, as well as HDL [3H]-
cholesteryl ether turnover, was delayed implies that CETP-
mediated catabolism of HDL CE is a rate-limiting step for
removal of CEfrom plasma. One interpretation of these data is
that CETP, by affecting the movement of CE out of HDL,
regulates the rate of transfer of CE from plasma into tissue.
The tissue fate of [3H]cholesteryl ether strongly suggested de-
creased uptake by liver in inhibited rabbits. This could be due
to the influence of CETP on transfer of CE from HDL to
VLDL, or perhaps a more direct effect of CETPon uptake of
HDLCEby liver (35).

The effect of CETPinhibition on the clearance of CE from
plasma suggests that CETPmay play a regulatory role in the

Table IV. Initial Rate of Removal of IjH]CE* (pools/d±SEM)

HDL TPI 4.1i±0.6 P<00
Control 6.8± 1.0 '<05

Plasma TPI 5.2±0.4 P<00
Control 7.8±0.5

*Radioactivity remaining in HDLand in plasma after injection of
[3H~cholesteryl ether HDLwas determined. For each animal, the
slope of the initial portion of a computer generated decay curve was
calculated using a two-exponential model of decay. Results are
means for five pairs of animals, in pools/d±SEM. Data from the
same six pairs of animals are presented in this table and Table V,
sacrificed at 24 and 48 h. However, one set of lipoproteins, was lost
during ultracentrifugation (animals sacrificed at 24 h). P values were
calculated using an unpaired t test.

Table V. Tissue Uptake of Radioactivity after IjHJCholesteryl
Ether HDL Injection*

Time after injection of radiolabel (%±SEM)

Liver,
Liverc
Kidneys,
Kidneysc
Heart,
Heartc
Lungs,
Lungs
Spleen,
Spleenc
Adrenals,
Adrenalsc
Small intestine,
Small intestinec
Testes1
Testesc
Skin1
Skinc
Skeletal muscle1
Skeletal musclec
Adipose tissue,
Adipose tissuec
Erythrocytes,
Erythrocytesc
Plasma,
Plasmac
Recovery1
Recoveryc

6 h
(n =4 pars)

29.66±4.06
30.86±5.14

0.59±0.16
0.48±0.16
0.10±0.03
0.09±0.02
0.32±0.10
0.40±0.12
0.06±0.01
0.10±0.02
0.17±0.04
0.15±0.04
0.74±0.06
0.58±0.09
0.16±0.02
0.12±0.02
3.34±0.54
2.29±0.65
3.92± 1.57
5.08±1.92
1.23±0. 16
1.62±0.63
3.09±1.52
2.88±1.78

31.02±3.11
22.94±2.90
75.20±4.82
68.42±9.74

24 h
(n = 3 pars)

54.78±15.83
67.85±8.40

0.66±0.05
0.36±0.02
0.14±0.01
0.08±0.01
1.23±0.47
0.85±0.22
0.17±0.03
0.21±0.07
0.63±0.01
0.70±0.11
1.79±0.19
2.23±0.91
0.46±0.06
0.30±0.09
6.04±0.84
3.24±0.32

15.98± 1.06
14.16±4.60

1.78±0.42
1.58±0.54
1.08±0. 18
0.72±0.49
9.07±2.48
4.60±1.26

107.37±7.87
98.82±1.18

48 h
(n = 3 pars)

63.72±2.78
71.18±9.46

0.62±0.08
0.38±0.02
0.11±0.01
0.10±0.02
0.85±0. 15
0.5 1±0. 10
0.14±0.02
0.20±0.02
0.62±0.03
0.56±0.18
1.92±0.45
1.31±0.08
0.33±0.04
0.26±0.10
4.61±0.19
4.84±0.98

12.30±3.49
11.05±1.35

1.70±0.23
1.43±0.42
0.63±0.14
0.34±0.04
3.21±0.44
2.68±0.36

90.76±4.83
94.81±8.36

* TPlI treated and control rabbits were injected with [3H~cholesteryl
ether HDLand tissue radioactivity sampled at 6, 24, or 48 h. 200-mg
aliquots of each tissue, and 250,ul of erythrocytes were digested in
duplicate and counted. 50-jul aliquots of plasma were counted in du-
plicate. For each tissue, total organ counts were calculated based on
the weight of the organ, and are expressed as percentage of total ra-
dioactivity recovered in plasma and erythrocytes 5 min after injec-
tion of labeled HDL. For each tissue, results are given for TP1I
treated animals (subscript I) and control animals (subscript C) in
mean percent±SEM.

process of reverse cholesterol transport. This pathway of cho-
lesterol metabolism postulates the centripetal movement of
cholesterol from peripheral tissues to HDL, esterification by
LCAT, and transfer of the CE to TG-rich lipoproteins with
ultimate uptake by the liver. CETPcould regulate this process,
either by an effect on the rate of cholesterol esterification by
LCAT, or on the delivery of CEto tissues. Recently, CETPhas
been shown to have no effect on LCAT activity in incubated
human plasma (5). Wefound a similar lack of effect of CETP
inhibition on cholesterol esterification in rabbit plasma. How-
ever, our data suggest that in the rabbit, CETP regulates the
rate of transfer of CE from plasma into tissues, probably by
mediating the transfer of CE from HDL to TG-rich lipopro-
teins, with subsequent rapid clearance by the liver.
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