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Abstract

Cholesterol esters (CE) formed in HDL by lecithin:cholesterol
acyltransferase are thought to mediate the return of cholesterol
from extrahepatic tissues to the liver for excretion or reutiliza-
tion. Several pathways may be involved in that process. Tracer
kinetics were used to estimate the contributions of the various
pathways to cellular uptake of HDL CE in rabbits. Tracers of
HDL CE, HDL apo A-I, LDL apo B, and VLDL CE were
simultaneously injected intravenously. Plasma decays were fol-
lowed for 24 h in 4 lipoprotein pools: HDL without apo E, HDL
with apo E, LDL, and VLDL. Kinetic analysis of the resulting
plasma decay curves revealed that the preponderance of plasma
CE (> 90%) originated in the HDL fraction. About 70% of
HDL CE were cleared from plasma after transfer to LDL and
VLDL, 20% were cleared directly from the HDL pool without
HDL particle uptake (‘“selective” uptake), and 10% were
cleared in HDL particles (including particles containing apo E).
Since rabbits have about four times the plasma cholesterol es-
ter transfer activity of man, and since the transfer pathway
must compete with the selective uptake pathway, these results
make it likely that selective uptake plays a substantial role in
humans in the clearance of HDL CE. (J. Clin. Invest. 1991.
87:331-346.) Key words: low density lipoproteins ¢ very low
density lipoproteins ¢ selective uptake ¢ cholesterol ester
transfer protein ¢ reverse cholesterol transport

Introduction

It is widely accepted that HDL plays a central role in the return
of ““excess” cholesterol from extrahepatic tissues to the liver for
excretion or reutilization (1, 2). HDL, and perhaps other lipo-
proteins, accept cholesterol from cells. Some part of this choles-
terol is esterified by the lecithin:cholesterol acyltransferase sys-
tem in the HDL fraction, which sustains the acceptance of cell
cholesterol through its removal to the neutral lipid core. What
then happens to the resulting HDL cholesterol esters is not
clear, and several pathways almost surely play a role in their
eventual removal from the circulation.

A pathway widely thought to dominate in man involves

Address correspondence and reprint requests to Dr. Ray C. Pittman,
Department of Medicine M-013D, University of California, San
Diego, La Jolla, CA 92093. Dr. Goldberg’s present address is Clintest
Nutrition Co., 1425 Lake Cook Road, Deerfield, IL 60015.

Received for publication 13 April 1990 and in revised form 9 August

1990.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/91/01/0331/16 $2.00

Volume 87, January 1991, 331-346

plasma cholesterol ester transfer protein (CETP)! (1, 3). CETP
mediates the net transfer of HDL cholesterol esters to more
buoyant lipoproteins in exchange for triglycerides (4), and
these more buoyant lipoproteins are then taken up mostly by
the liver; the triglycerides transferred to HDL are hydrolyzed
intravascularly, allowing HDL to begin the cycle again. Such a
role for CETP in rabbits is supported by studies in which CE
transfer was blocked using antibodies against CETP (5), which
indicated a substantial role for CETP in clearance of HDL
cholesterol esters. A second pathway proposed to play a role in
HDL cholesterol ester uptake involves apo E (6, 7). According
to this hypothesis, cholesterol esters accumulate in HDL due to
the action of lecithin:cholesterol acyltransferase; the enlarged
HDL particles progressively acquire apo E at the expense of
apo A-l, and the apo E targets them for hepatic uptake. As a
corollary to this hypothesis, it is also possible that apo E-rich
HDL particles arise independently of the general HDL pool
and mediate return of cholesterol esters to the liver. Of course,
HDL particles can also be taken up without benefit of apo E; in
humans, the rate of clearance of HDL apoproteins is so low as
to indicate that this route is a small contributor to total HDL
cholesterol ester flux (8). Finally, HDL cholesterol esters may
be directly taken up without uptake of the HDL particles, a
process we designate as “selective uptake” (9, 10). This path-
way is responsible for the majority of HDL cholesterol ester
uptake by the liver of rats (9, 10).

The studies mentioned above, as well as others not cited,
have given some idea of the roles of the various pathways for
metabolism of HDL cholesterol esters in some animals. How-
ever, if we are to understand the relative importance of those
pathways and their interactions in any animal, it is necessary to
measure all of the competing pathways in that animal. We
undertook to make such simultaneous measurements in rab-
bits. The choice of rabbits was based largely on our interest in
the selective uptake pathway, and the hypothesis that the path-
way plays a significant role in clearance of HDL cholesterol
esters in humans. The rationale was that if we could discern the
selective uptake pathway in rabbits, which by our assays (11)
have about four times the plasma CETP activity of humans
toward endogenous substrates and thus presumably a more
rapid rate of uptake by the competing CETP-mediated path-
way, then the selective uptake pathway is likely to play a role in
man as well. Rabbits indeed have the potential to express the
pathway in vivo, as shown by selective uptake of HDL choles-
terol esters by cultured fibroblasts from normal and LDL re-
ceptor-deficient rabbits at rates comparable to those of human

1. Abbreviations used in this paper: apo, apolipoprotein; CETP, choles-
terol ester transfer protein; '2’I-NMTC-apo A-l, apo A-I derivatized
with the radioiodinated N-methyl tyramine cellobiose ligand; '*'I-TC-
LDL, LDL derivatized with the radioiodinated tyramine-cellobiose li-
gand.
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fibroblasts (Goldberg, D. 1., and R. C. Pittman, unreported
results).

Examination of lipoprotein cholesterol ester metabolism in
animals with plasma CETP activity is complicated by the rapid
movement of cholesterol esters between lipoprotein pools. It is
not possible to directly determine the pool from which the
cholesterol ester tracer is removed, and kinetic analysis of the
exchange and transfer reactions is necessary to determine the
rate of removal from any of the pools. To carry out such a
kinetic analysis, we made use of multiple lipoprotein tracers
that were simultaneously administered; intracellularly trapped
tracers (12) were used as much as possible to minimize tracer
recycling. The tracer contents of multiple lipoprotein pools
were followed for 24 h, and the plasma decay curves were ana-
lyzed by compartmental analysis.

The results of these studies indicate that, as expected, the
major pathway for clearance of HDL cholesterol esters in rab-
bits is the CETP-mediated “transfer pathway”’. However, selec-
tive uptake also played an important role in most animals. The
removal of cholesterol esters in HDL particles made a minor
contribution to overall clearance of HDL cholesterol esters,
and cholesterol ester uptake from HDL with apo E was not
discernibly different than removal from the HDL pool without
apo E.

Methods

Preparation of lipoprotein tracers. Lipoproteins were prepared from the
plasma of overnight-fasted female New Zealand White rabbits by equi-
librium density ultracentrifugation using conventional techniques
(13). The VLDL fraction was prepared at d < 1.02 g/ml, LDL was
prepared at 1.02 < d < 1.06 g/ml, and HDL at 1.06 <d < 1.21 g/ml.
The HDL fraction was depleted of particles with apo E by heparin-aga-
rose affinity chromatography before labeling (14).

Both ester and ether tracers of cholesterol esters were used. ['*C)-
Cholesteryl-oleyl ether was prepared from [4-'“C]cholesterol (Amer-
sham Corp., sp act 60-90 mCi/mmol) and [*H]cholesteryl-oleyl ether
was prepared from [7(n)-*H]cholesterol (Amersham Corp., Arlington
Heights, IL; sp act 5-15 Ci/mmol) in carrier-free reactions, as
previously described (15, 16). Cholesterol-[1-'*C]oleate was purchased
from Amersham Corp. (sp act 50-60 mCi/mmol). Cholesterol-[*H]-
oleate was prepared using [9,10(n)-*H]oleic acid (Amersham Corp.; sp
act 4.3 Ci/mmol). The acid anhydride was formed by reflux with acetic
anhydride, and the purified anhydride was then reacted with excess
cholesterol in the presence of dimethyl-aminopyridine (17). The prod-
uct ester was purified by TLC, and its purity checked by HPLC.

Apo A-I was purified from rabbit HDL and derivatized with the
N-methyl tyramine cellobiose ('2*I-NMTC) ligand as previously de-
scribed (10, 12, 16).

HDL was doubly labeled by incorporation of '2*l-NMTC-apo A-I
and either cholesterol-[*H]oleate or [*H]cholesteryl-oleyl ether. The
lipid tracer was first incorporated from a donor liposomal preparation
(18) by CETP-mediated transfer, as previously described (16), and then
reisolated at d > 1.05 g/ml. The '2I-NMTC-apo A-I was then incorpo-
rated into the particles by exchange (free apo A-I mass < 10% of HDL
protein), and the HDL was reisolated by flotation atd < 1.21 g/ml (16).

Cholesterol-[1-'“CJoleate or ['“C]cholesteryl-oleyl ether was incor-
porated into VLDL by transfer from synthetic HDL (19) containing
the tracer. This process was catalyzed by CETP activity in the d > 1.25
fraction of rabbit plasma. The labeled VLDL was then reisolated by
flotation at d < 1.02.

LDL was directly derivatized with the '*'I-tyramine-cellobiose li-
gand as previously described (16). This was done as shortly before in-
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jection into the rabbits as possible to minimize radiation damage; the
preparation was usually completed no earlier than 24 h before use.
Polyacrylamide gel electrophoresis disclosed that the '*'I comigrated
predominantly with apo B (> 90%), but discernible peaks of activity
were observed corresponding to apo E and apo A-I. Less than 4% of the
tracer was extracted into 2:1 chloroform:methanol.

Turnover studies in rabbits. Female New Zealand White rabbits,
2.5-3.0 kg, were fasted overnight before study and then during the 24-h
duration of the study. Tracer lipoproteins, prepared as outlined above,
were mixed just before use and then injected into a medial ear artery.
Injected doses were: 0.6-2.8 X 106 dpm for '*C, 0.7-2.9 X 10° dpm for
3H, 3.3-9.8 X 10° dpm for '*I, and 1.3-11.1 X 10° dpm for "*'I. In-
jected mass of tracer was < 2% of the plasma pool for HDL and LDL,
and < 10% for VLDL. Blood samples (usually 0.5 ml) were periodically
withdrawn from a marginal ear vein into EDTA during the study. To
minimize transfer of cholesterol ester tracer between lipoprotein pools
after blood sampling, the samples were immediately chilled and plasma
was quickly separated. The plasma was diluted to 5 ml with cold su-
crose solution to a final density of 1.025 g/ml. These samples were kept
refrigerated until all samples were collected, and all were simulta-
neously ultracentrifuged. Tests of this handling showed that doubly-la-
beled HDL added to blood and treated in this way was recovered al-
most completely in the HDL fraction (more than 90%); that small
amount of HDL cholesterol ester tracer recovered in more buoyant
fractions was in proportion to apo A-I tracer also recovered in these
fractions, and was no more than found when the labeled HDL was
added just before ultracentrifugation. This indicates that cholesterol
ester tracer did not continue to exchange between fractions during sam-
ple analysis.

At termination of the study, a large blood sample (10-20 ml) was
taken for lipoprotein fractionation and analysis of cholesterol and cho-
lesterol esters.

At termination of the study of two rabbits, the vasculature was
thoroughly perfused and tissue samples were taken for analysis of '>*I-
NMTC-apo A-lI uptake, as previously described (20).

Assays. Lipoproteins were separated from the periodically with-
drawn blood sample into density classes by sequential ultracentrifuga-
tion of plasma samples (13), usually 200 ul. Pig plasma (1 ml) was
added as carrier because of the small volume of rabbit plasma available;
pig plasma has very low CETP activity (21). Sucrose was used to adjust
densities since high salt concentrations interfered with the subsequent
steps to separate HDL particles containing apo E. VLDL was prepared
atd < 1.02 g/ml, LDL at 1.02 < d < 1.06 g/ml, and HDL at 1.06 <d
< 1.21 g/ml. All centrifugations were carried out in 6-ml tubes in a
Beckman 50.3 rotor (Beckman Instruments, Palo Alto, CA).

HDL particles with apo E were separated from the general HDL
population by heparin affinity. In some experiments this was done by a
heparin-manganese precipitation method (11, 22), and in others by
adding plasma to heparin-agarose beads (23) which were then sedi-
mented to remove the heparin-bound HDL particles. In the case of
heparin-manganese precipitation, pig plasma was added as a carrier.
The recovery of apo E in the apo E-rich fraction, as well as the overall
recovery of apo E, varied between techniques and between experi-
ments. However, in no case were the kinetics of the lipid tracers in this
fraction clearly distinguishable from the kinetics of HDL without apo
E. This was true even when the precipitation was most selective (the
recovery of apo E incomplete, and the precipitated particles most
enriched in apo E). On these grounds, the fraction of HDL containing
apo E was not considered as a separate HDL pool in further modeling.

Cholesterol was analyzed by a fluorometric method (24), and cho-
lesterol esters were determined as the difference in cholesterol level
before and after ester hydrolysis. In some experiments, results from this
method were compared to results from use of a cholesterol assay kit
from Sigma Chemical Co. (St. Louis, MO) and to results determined by
the Lipid Research Clinic at The University of California at San Diego
according to their well standardized techniques. Results were reason-
ably comparable.



Kinetic analysis. Kinetic data were analyzed using multicompart-
mental modeling. All modeling was performed on a MicroVAX II
computer (Digital Equipment Co., Maynard, MA) using the CONSAM
(25) and SAAM (26) computer programs.

The model used is shown in Fig. 1. The starting model consisted of
three compartments representing plasma pools of VLDL, LDL, and
HDL with bidirectional cholesterol ester exchange pathways between
each pair of compartments. The HDL compartment had two pathways
for irreversible cholesterol ester removal: one via uptake of the whole
particle as traced by '2°I; a second particle-independent pathway corre-
sponding to the direct uptake of cholesterol esters from the HDL parti-
cle. A similar particle-independent cholesterol ester removal pathway
was tried for LDL, but was found not to be identifiable. Our analyses
therefore assumed that all cholesterol ester removal directly from the
LDL compartment was via catabolism of the whole LDL particle at a
rate determined primarily by the disappearance of !'I. Since VLDL
particles were not directly labeled, we could not discern uptake in
VLDL particles from potential uptake by direct removal of cholesterol
esters. The VLDL compartment therefore had a single removal route.
The LDL and HDL compartments were each in exchange with extra-
vascular compartments, as required by the biexponential decay of the
apoprotein tracers. _

All kinetic data for each rabbit were fit simultaneously and the
model parameters adjusted by SAAM to give the best fit to all tracer
data. The model solutions for the cholesterol ester tracers, '“C and *H,
differed only in the initial distribution of the label, all fractional
transfer and degradation rates being equal for the two solutions. The
model solutions for the apoprotein tracers had the intravascular ex-
change rates and particle-independent catabolic rates set to zero. The
kinetics of '*'I-LDL were therefore determined solely by the rate of
direct removal of LDL particles and the rates of exchange with the
extravascular LDL compartment. The kinetics of '*I-HDL were deter-
mined by the rate of particle-dependent degradation of HDL and the
rates of exchange with the extravascular HDL compartment.

When this initial model was applied to the kinetic data, systemic
errors were found in the fits to the tails of the VLDL 3H and '“C curves
for all rabbits and in the tails of the HDL *H curves for about half the
animals. Two additions to the model were therefore required.

First, an exchange pool for HDL cholesterol ester was added to fit
the tail of the HDL *H decay curve. Exchange of cholesterol ester with
this pool required removal of the lipid from the HDL particle since
exchange of the whole particle was inconsistent with the > data. The
rate constants for this exchange had to be set to zero when fitting the
1251 data. The parameters for the HDL cholesterol ester exchange pool
were found to be well defined (asymptotic coefficients of variation
< 80%) in six of the rabbits. The weighted mean value of the fractional
rate of transfer from the exchange compartment back into the plasma
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Figure 1. Compartmental model for the metabolism of plasma
cholesterol esters in rabbits.

HDL compartment was 0.302 pool/h for these six animals. For each of
the seven rabbits for which the exchange rates were initially poorly
defined (asymptotic coefficients of variation > 100%), the fractional
transfer rate from the extravascular compartment into the plasma com-
partment was fixed at 0.302, and the fractional rate from the plasma
compartment into the extravascular compartment adjusted by SAAM.
This technique allowed the calculation of an asymptotic standard de-
viation for the size of the exchange pool under the assumption that the
residence time of cholesterol in that pool would be 3.3 h. As expected,
the exchange pools for these rabbits, as determined by the transfer rates
into the pool, were found to be small or nonexistent.

A pool of slowly catabolized VLDL particles was added to the initial
model to fit the tail observed in all VLDL curves. This exponential
component was fit using a slowly turning over plasma VLDL compart-
ment rather than an extravascular exchange pool, because the latter
model was inconsistent with the kinetic data, predicting similar slow
components in all lipoprotein fractions. Such a slow exponential com-
ponent was observed in neither the HDL nor the LDL data. A slow
VLDL pool is also consistent with other models of VLDL metabolism
in rabbits (27). The contribution of the slowly removed VLDL was
small, and an average of only 4.3% of total VLDL cholesterol ester
transport passed through this pathway. The slow VLDL pool is not
shown independently of the general VLDL pool except in the ap-
pended detailed data.

Parameters determined for individual animals and experiments are
shown in the appendix. Standard deviations shown for individual pa-
rameters are asymptotic standard deviations as calculated by SAAM
(26). These error estimates correspond to coefficients of variation
which are generally < 50%, indicating that the model parameters were
indeed mathematically identifiable from the turnover data obtained.
Standard deviations of mean parameter values shown in Results are for
the population of estimated parameters and are independent of the
asymptotic errors calculated by SAAM. These error estimates corre-
spond to coefficients of variation which are in many cases > 100%,
indicating large variability in the estimated model parameters. Inspec-
tion of the individual data in the appendix discloses that most of this
variation lies between studies and that results within a single series of
rabbits are more consistent.

Results

To examine the routes for removal of HDL cholesterol esters
from plasma of intact rabbits, four plasma lipoprotein tracers
were simultaneously administered to rabbits, and four plasma
lipoprotein pools were examined during the 24-h period after
administration. This yielded 12 useful plasma decay curves per
animal which were then analyzed by compartmental analysis.
The HDL fraction was labeled in its cholesterol ester moiety
using either ['“C]cholesterol oleate or ['*C]cholesteryl-oleyl
ether, and also in its apo A-I moiety using '2’I-NMTC-apo A-I.
To constrain the modeling, LDL was labeled in its apo B
moiety (*3'I-tyramine cellobiose (TC)-LDL), and VLDL was
labeled in its cholesterol ester moiety using [*H]cholesterol
oleate or [*H]cholesteryl-oleyl ether. 3 sets of 3 or 4 rabbits (10
animals) were studied tracing cholesterol esters with radioac-
tive cholesteryl-oleyl ethers, and 1 set of 3 rabbits was studied
tracing the esters with radioactive cholesterol oleate.

The kinetics were modeled independently in each of the
rabbits studied using all available data. The final model applied
to the data is shown in Fig. 1 and described in Methods. Several
features of the model should be noted here. The removal of
HDL cholesterol esters concomitant with HDL particle uptake
was constrained to be at the same fractional rate as removal of
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Figure 3. Fractional transfer rates for lipoprotein cholesterol esters in
rabbits. Fractional rates (h™") for the various processes of the model

in Fig. 1 are shown. Results for cholesterol ester and cholesterol ether
tracers are shown independently for those processes dependent on
CETP (intravascular transfers); results for the ether tracers are shown
in parentheses. Results for ester and ether tracers are pooled for all
other processes.
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Figure 4. Mass transport rates for lipoprotein cholesterol esters in
rabbits. Cholesterol ester mass fluxes (mg cholesterol/dl per h) for
those processes dependent on CETP (intravascular transfers) were
determined using only data from experiments using cholesterol ester
tracers. Mass transports for all other processes were determined using
data from all experiments. Cholesterol ester pool sizes (mg
cholesterol/dl) are from all experiments. Vascular pool sizes were
measured, and exchange pools were estimated.

he '*I-apo A-I tracer. This assumes homogeneity of the HDL
pool and that apo A-I traces the fate of HDL particles. The
clearance of cholesterol esters from the LDL pool by uptake of
LDL particles was similarly constrained to be at the same frac-
tional rate as clearance of LDL apo B measured with '*'I-TC-
LDL, which again assumes homogeneity. Extravascular ex-
change pools for HDL and LDL particles were included in the
model. Whereas the kinetics of cholesterol ester removal from
HDL particles with and without apo E were similar, all HDL
particles were included in a single HDL pool to allow better
definition of the other parameters. The irreversible removal of
cholesterol esters from HDL without parallel removal of HDL
apo A-I (selective uptake) was allowed, and was determined as
the difference in the fractional rate of removal of cholesterol
esters and apo A-I from the HDL pool; this parameter was
defined in 13 of the 16 animals. In 6 of the 16 animals the data
were better fit when it was allowed that there be an extravascu-
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Figure 5. Routes of removal of HDL cholesterol esters as a percentage
of cholesterol esters entering the HDL pool. Results are the average
from only those rabbits that were studied using cholesterol ester tracers.



lar exchange pool for HDL cholesterol esters independent of
HDL particles. This is in keeping with independent biological
evidence for such an exchange pool in the plasma membrane of
cultured cells (28). Based on evidence for selective uptake of
cholesterol esters from LDL (29) (which we have verified but
found to occur at a much lower rate than from HDL), a path-
way for direct uptake of LDL cholesterol esters was tried in all
animals and found to be negligible in all; it was not included in
the final model.

Fig. 2 shows representative plasma decay data for the four
tracers in a single animal, and the curves fitted to those data
according to the model described above. This animal was
deemed representative on the grounds that the determined pa-
rameters were nearest the means of all animals. The data are
shown for each of the three lipoprotein pools. Fig. 2 4 shows
the data for cholesteryl-[*H]oleate introduced into the HDL
pool, and Fig. 2 B shows the data for cholesteryl-['“C]oleate
introduced into the VLDL pool. Fig. 2 C shows the decay of
125_NMTC-apo A-I from the HDL pool and '*'I-TC-LDL
from the LDL pool; the small amount of these tracers in other
pools is not shown but was accommodated in the modeling.

Fig. 3 shows the fractional rates determined according to
the model of Fig. 1. Since the ether is not transferred by CETP
at the same rate as the ester (11), the rate constants for intravas-
cular transfer of ester and ether are shown separately. However,
other studies have indicated that cholesteryl esters and ethers
are similar with respect to other uptake processes (similar
plasma decay kinetics in rats that lack CETP activity [10, 11],
and similar in vitro uptake rates (10)); therefore, rates for both
types of tracers were pooled in those cases.

The rates for CETP-mediated transfer of ester tracer and of
ether tracer (in parentheses) differed, and the ester was gener-
ally transferred at a greater rate than the ether, in agreement
with the difference in transfer rates from HDL to LDL deter-
mined in vitro (11). The transfer of cholesterol esters from
VLDL to LDL included the movement of VLDL particles into
the LDL pool; the small rate of reverse transfer from LDL to
VLDL (which was poorly defined in most animals) suggests
that there was little CETP-mediated transfer between these
pools and that particle transfer accounted for most of the
transfer from VLDL to LDL. The transfer rates between the
HDL and VLDL pools, and between the HDL and LDL pools,
were both much higher than the LDL-VLDL rates.

Fig. 3 also shows the fractional rates of transfer of choles-
terol esters for processes that are not CETP dependent.
Previous studies have shown no apparent difference between
ester and ether in these processes (9-11) and this study did not
indicate a difference. The rate designating selective uptake
(“out” for “HDL CE”) was determined as the rate of irrevers-
ible removal of cholesterol esters from HDL minus the rate of
removal of HDL particles as determined using '>I-NMTC-apo
A-l This does not account for any apo A-I that may be cleared
independently of HDL particles. In rats, clearance of free apo
A-I by the kidney accounts for a major fraction of total apo A-I
clearance (10), but this appears not to be a the case in rabbits;
the tissues of two animals were examined at termination of the
experiment for '?I resulting from uptake of '2I-NMTC-apo
A-l, and kidney was found to account for only 5.5 and 6.1% of
total recovered '#’1. Thus, clearance of free apo A-I by kidney
apparently did not lead to an important underestimate of
whole-body selective uptake.

Fig. 4 shows the modeling results in terms of mass trans-
ports through the various pathways, which takes into account
the measured lipoprotein cholesterol ester masses. The study
which used cholesterol ester tracers and two of the three studies
which used cholesteryl ether tracers were considered; choles-
terol ester masses were not measured in the third ether study.
The rate constants and pool sizes for all of these animals (10
rabbits) were used to determine transports that were not CETP
dependent, while only those animals traced with esters were
used to determine those transport rates dependent on CETP (3
rabbits). Fig. 4 also shows the measured pool sizes and the
calculated transport rates for all parameters of the model.
These results indicate that plasma cholesterol esters were
cleared mostly by uptake of VLDL and LDL particles and by
selective uptake from HDL, with a smaller contribution from
clearance of HDL particles (which includes particles with apo
E). Clearance from the LDL pool accounted for 34% of total
plasma cholesterol ester, clearance from the VLDL pool ac-
counted for 37%, clearance by selective uptake from HDL for
19%, and clearance in HDL particles for 10%. The CETP-me-
diated flux between lipoprotein pools was high relative to the
rate of irreversible removal of cholesterol esters from any pool.
This transfer was predominantly by exchange reactions. How-
ever, the flux of cholesterol esters from HDL to VLDL was
greater than the return flux, indicating a net transfer of choles-
terol esters to VLDL (2.95+2.24 mg ester cholesterol/dl per h
for all rabbits). The flux of cholesterol esters between the HDL
and LDL pools was large and dominated by exchange of esters
with little evidence for net transport. Considering all studies,
there was a minor and highly variable net transport from the
HDL pool to the LDL pool (0.69+2.40 mg ester cholesterol/dl
per h for all rabbits). If real, this modest net transfer would be
consistent with the relatively high triglyceride content of rabbit
LDL and with evidence that net transfer of cholesterol esters
occurs in exchange for triglycerides.

Another salient conclusion from the parameters of Fig. 4
relates to the origin of lipoprotein cholesterol esters. It is evi-
dent that the input of cholesterol ester mass into plasma was
predominantly into the HDL pool, and little ester was secreted
in VLDL. This supports the conclusion of others that plasma
cholesterol esters arise predominantly from the action of leci-
thin:cholesterol acyltransferase (30), and that the product es-
ters enter first into the HDL pool (31). Since this result is in
agreement with a large body of independent studies, the result
also tends to support the validity of the modeling results pre-
sented here.

As an alternative description of the data, we determined the
contribution of each pathway to clearance of HDL cholesterol
esters as a fraction of cholesterol esters entering into the HDL
pool. This estimation depends only on the determined rate
constants and is independent of measured cholesterol ester
masses. Using this approach, the experiments with tracer cho-
lesteryl ether should underestimate the CETP-mediated path-
ways and overestimate selective uptake. Indeed, the data for
animals traced with ether and ester differed in this direction.
Consequently, only results for the animals traced using choles-
terol ester are shown. The means of the individually deter-
mined transports of cholesterol ester mass originating in the
HDL pool are shown in Fig. 5. The data are normalized to the

input of cholesterol ester mass into the HDL pool, which is

arbitrarily set to 100%. It is directly evident from this figure that
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about two-thirds of HDL cholesterol esters are irreversibly re-
moved from the plasma after transfer to more buoyant lipopro-
teins, with about equal amounts cleared from the VLDL and
LDL pools. The direct removal of HDL cholesterol esters inde-
pendent of HDL particles (selective uptake) accounted for
~ 22% of total clearance. The irreversible clearance of HDL
particles, determined in terms of '>’I-NMTC-apo A-l, ac-
counted for only 10% of total HDL cholesterol ester clearance.

Discussion

The purpose of this study was to quantify the various pathways
for HDL cholesterol ester uptake in a model animal, from
which the likely importance of these pathways in humans
might be inferred. One central objective was to examine the
probability that selective uptake plays a role in HDL metabo-
lism in man. This determined the choice of rabbits for study
because they might be expected to express more vigorously
than man the pathway that must compete with selective up-
take, the CETP-mediated transfer of cholesterol esters to more
buoyant lipoproteins which are then taken up by endocytotic
pathways. If selective uptake were found to play a role in rab-
bits, it seemed very likely that the pathway would play a role in
humans as well.

The CETP-mediated pathways were accentuated in this
study and selective uptake minimized not just by the choice of
rabbits as the study subject, but also by the choice of cholesterol
ester tracers. Cholesterol oleate traced plasma cholesterol es-
ters, while the linoleate ester is the major plasma ester in rabbits
(32). The oleate ester is both more rapidly transferred by CETP
than the linoleate ester (33), and selectively taken up at a slower
rate; in our hands cholesterol linoleate is transferred from HDL
to LDL at 0.8 times the rate of oleate (in an all human system),
but is selectively taken up by mouse adrenocortical tumor cells
at 1.3 times the rate of oleate (Green, S. R., and R. C. Pittman,
unreported results). On these grounds the rabbit studies re-
ported here would be predicted to give a minimum estimate of
the role selective uptake might play in humans, although differ-
ences in lipoprotein concentrations and compositions, as well
as other factors, surely alter the equation.

In spite of an experimental design that emphasized the
transfer pathway and mitigated against observing the selective
uptake pathway, selective uptake was still defined in most rab-
bits. On average, the pathway accounted for ~ 19% of the total
plasma flux of cholesterol esters and 22% of clearance of HDL
cholesterol esters. However, the results were variable, and se-
lective uptake accounted for as much as 47% or as little as none
of the total HDL cholesterol ester cellular uptake. The reasons
for this unanticipated variability are not clear, but some likely
explanations are apparent.

First, it should be recognized that the variability was not
somehow a consequence of the modeling process. Initial param-
eter estimates used in the final modeling were the same for all
animals, and coefficients of variation for the determined pa-
rameters were generally < 50%. This indicates that the model
parameters were indeed mathematically identifiable from the
turnover data obtained. In contrast, comparing parameter val-
ues between animals disclosed coefficients of variation that
were in many cases greater than 100%, and much of this varia-
tion was interexperimental. This suggests that some factor that
varied between experiments, such as metabolic status or proper-
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ties of the lipoprotein tracers, explained much of the vari-
ability.

One such factor that might vary between experiments and
animals is the level of CETP activity. It might be expected that

_plasma CETP activity should correlate negatively with the se-

lective uptake of HDL cholesterol esters, but positively with
their uptake after CETP-mediated transfer to more buoyant
lipoprotein fractions; if such a relationship held for the data
here, variability in CETP activity might account for variability
in determination of these parameters. CETP activity toward
endogenous substrates was measured in all animals in terms of
the rate of mass transfer between the HDL and LDL pools.
This transfer was rapid with little evidence for net mass
transfer. Since this exchange reaction had little or no direct
effect on determination of the rates of cholesterol ester uptake
via the various pathways, it may be taken as an independent
measure of CETP activity toward endogenous substrates. This
measure of CETP activity (the mean of the unidirectional mass
transfer rates between HDL and LDL) correlated inversely
with the fraction of HDL cholesterol esters taken up by selec-
tive uptake (r = —0.682). This indicates that ~ 50% of the
variability in selective uptake might be accounted for by vari-
ability in CETP activity.

Another possible contributor to the variability in the role of
selective uptake is the inconsistent triglyceride levels in rabbits
(5, 35); it might be expected that high triglyceride levels would
favor the transfer pathway. Triglycerides were measured in two
experiments (seven animals), and levels varied 3.9-fold. The
fraction of esters taken up by selective uptake was inversely
related to triglyceride levels (r = —0.717). These limited data
suggest a role of varying triglyceride levels in determining vari-
ability in selective uptake.

Whatever the proximate cause(s) of the variability seen in
the studies here, it may illustrate that the pathways for uptake
of HDL cholesterol esters in rabbits are volatile, responding
strongly to moderate metabolic changes. Two such effective
changes may be CETP activity and triglyceride levels. How-
ever, clear conclusions require studies of animals in which
these and other candidate factors are directly perturbed.

Although selective uptake played a substantial role in clear-
ance of HDL cholesterol esters, CETP-mediated transfer to
more buoyant lipoproteins was the major route for their re-
moval from plasma. This process was mediated at least mostly
by the net transport of cholesterol esters to the VLDL fraction,
lending support to earlier studies indicating that CETP medi-
ates the exchange of neutral lipids, and that net transfer of
cholesterol esters occurs only when they are exchanged for tri-
glycerides (4).

Uptake of HDL particles accounted for only 10% of HDL
cholesterol ester clearance. This includes particles both with
and without apo E since the plasma decay kinetics of choles-
terol ester tracers in the two were not apparently different. This
simplification, as well as the simplification of ignoring other
types of metabolic heterogeneity (34), was invoked in order to
allow better definition of other kinetic parameters. This should
not be taken to mean that apo E did not affect the metabolism
of HDL particles. For example, the results are not inconsistent
with a large contribution of apo E to the clearance of HDL
particles. Our data indicate only that cholesterol esters in parti-
cles with apo E are not cleared at a substantially greater rate
than particles without apo E. This conclusion is not novel to



this study nor to rabbits. Eisenberg et al. (35) concluded that in
rats, which lack plasma CETP activity (21), the clearance of
esters from HDL particles with apo E is not detectably different
from the clearance of esters from particles without apo E.

This study does not directly indicate that the pathway repre-
senting the direct removal of cholesterol esters from the HDL
pool, which we have called “selective uptake”, is necessarily
the same selective uptake pathway we have studied in rats and
in cell culture systems. Alternative explanations for the data
might be proposed. One is that the apparent selective uptake
actually represents the uptake of a small subpopulation of rap-
idly turning over HDL particles that are rich in cholesterol
esters but poor in apo A-I; the rapid turnover of a such a small
fraction of the HDL apo A-I pool might have been missed. The
possibility that particles with apo E represent such a population
of particles poor in apo A-I was examined here, and these parti-
cles were found not to behave much differently from the gen-
eral population of HDL particles. No other known class of
particles would support this explanation. Another alternative
explanation for the apparent selective uptake is that it actually
represents a direct cellular uptake of cholesterol esters me-
diated by CETP, as has been reported (36). Of course, such a
process would not be discernible in this study from what we call
selective uptake. We have addressed this possibility in the past,
and find no evidence that CETP can mediate direct cellular
uptake of cholesterol esters (37). Although neither of these al-
ternative explanations is explicitly ruled out, it seems most
probable that the selective uptake estimated here is indeed the
same selective uptake process that we have previously studied
in rats and demonstrated in rabbit fibroblasts.

Identification of an extravascular exchange pool for HDL
cholesterol esters independent of HDL apoproteins adds
weight to this conclusion, since the result is in keeping with in
vitro evidence that such a pool is involved in selective uptake.
According to studies in Y-1 mouse adrenal cortical tumor cells
and in primary rat adrenal cortical cells, HDL reversibly inserts
cholesterol esters into the plasma membrane, from whence
they are irreversibly internalized by an undefined mechanism
(28) to a cytoplasmic destination (38). There is an almost linear
relationship between the content of cholesterol ester tracer in
this membrane pool and irreversible selective uptake (28). In
these in vivo studies, an analogous correlation of the rate of
selective uptake and the size of the extravascular pool of HDL
cholesterol esters was not seen. However, the in vitro data sug-
gest that the plasma membrane pool of cholesterol esters would
be substantial even if irreversible selective uptake were negligi-

ble (a condition that was not achieved experimentally). Conse-
quently, in these rabbit studies any amount of reversibly cell-
associated cholesterol esters that was in parallel to selective
uptake might be small compared with the whole body pool of
reversibly cell-associated tracer, and the size of the exchange
pool would not necessarily correlate with the amount of selec-
tive uptake in that animal. Thus, these studies support the exis-
tence in vivo of a reversibly cell-associated pool of HDL choles-
terol esters, and the characteristics of that pool are not inconsis-
tent with those of the pool described in vitro.

While these studies have quantified the routes for clearance
of HDL cholesterol esters in rabbits, they have not directly
quantified the participation of these routes in reverse choles-
terol transport. That would require not only the determination
of the rate of plasma clearance by each pathway, but also the
rate of hepatic uptake via each pathway. Such studies can
currently be done only by examining a very large number of
animals in order to apply compartmental analysis to the tissue
content of tracers at various times after injection. However,
based on other studies, one can suppose that the pathways
quantified here must be pertinent to reverse cholesterol trans-
port. It is generally accepted that uptake of VLDL remnant
particles is predominantly into the liver (39, 40), and it has also
been shown that more than half of LDL particles are taken up
by liver in rabbits (20); thus the transfer pathway would be
expected to deliver HDL cholesterol esters mostly to the liver.
In the case of selective uptake, the pathway occurs predomi-
nantly (~ 90%) in the liver in rats (10). Mackinnon and co-
workers have presented evidence for HDL selective uptake by
perfused rabbit liver (41), and very recently Wishart and Mack-
innon reported selective uptake by cultured rabbit hepatocytes
(42); thus it is not unlikely that selective uptake delivers choles-
terol esters predominantly to the liver of rabbits. Consequently,
this study strongly suggests a role for selective uptake, as well as
the transfer pathway, in reverse cholesterol transport in rabbits.
This makes it probable that selective uptake plays a role in
reverse cholesterol transport in man as well.

Appendix

Data and modeling results for individual rabbits and individual experi-
ments are shown in Tables I-V. The fractional transfer rate L(i, j) is the
fraction of tracer or cholesterol ester mass in pool j transferred to pool i
per h. The mass transport rate R(i, j) is the flux of cholesterol ester mass
(mg cholesterol/dl per h) from pool j to pool i. Compartment number-
ing is shown in Fig. Al.
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‘Table IV

Net Interlipoprotein Cholesterol Ester Transport Rates

]

R(1,6) - R(6,1) R(3.6) - R(6,3) R(3,1) - R(1.3) |
(mg cholesteroldi/h) |
Studies Using Cholesteryl Ethers
" 2 1 1.07£0.15 1.01£0.36 0.53+0.17
I - 2 1.67 £0.15 0.95 + 0.42 0.50+0.18
|| 2 3 3.87 +0.47 1.79£0.93 0.71 £ 0.41
II Mean of Study 2 2.20 + 1.47 1.25 +0.47 0.61+0.09
" 3 1 2,73 0.47 3471057 1.82+0.29 ‘
[ s 2 2.451+0.28 0.10£0.50 1.12 £ 0.40 |
3 3 4.05 +0.51 3.49+0.70 4.08 £ 0.51 |
3 4 8.34 £ 1.00 1,06+ 1.24 283+ 1.49 |
| Mean of Sy 3 439272 1.23+2.71 246+ 1.29 |
Mean of Rabbits |
Receiving 3.45 + 2.41 1.24 £1.94 1.67+1.35 |

Cholesteryl Ethers

Studies Using Cholesterol Esters

II 4 1 0.65 + 0.57 3.19+1.16 -1.92 £ 0.58
" 4 2 3.45+1.17 -3.25+1.52 0.62 + 1.54
II 4 3 1.21+1.23 -1.67 £ 1.42 -0.58 + 1.32
Mean of Rabbits
Receiving 1.77 £ 1.48 -0.57 £ 3.36 063+1.27
Cholesterol Esters
All Studies
Mean of all Rabbits 2951224 0.69 £+ 2.40 0.98 + 1.67

Figure Al.

Pathways for Uptake of HDL Cholesterol Esters in Rabbits
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