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Abstract

These studies were undertaken to determine the kinetic
characteristics of high density lipoprotein (HDL) apo Al
and cholesteryl ester transport in the hamster in vivo. Satu-
rable HDL apo Al transport was demonstrated in the kid-
neys, adrenal glands, and liver. Saturable HDL cholesteryl
ester transport was highest in the adrenal glands and liver.
In the liver and adrenal glands, maximal transport rates
(J™) for receptor dependent uptake were similar for the pro-
tein and cholesteryl ester moieties; however, the concentra-
tion of HDL necessary to achieve half-maximal transport
(K,,) was 20- to 30-fold higher for apo AI. Consequently, at
normal plasma HDL concentrations, the clearance of HDL
cholesteryl ester exceeded that of HDL apo Al by ~ 10-fold
in the adrenal glands and by approximately fivefold in the
liver. At normal HDL concentrations, the majority of HDL
cholesteryl ester (76%) was cleared by the liver whereas the
majority of HDL apo Al (77%) was cleared by extrahepatic
tissues. The rate of HDL cholesteryl ester uptake by the liver
equaled the rate of cholesterol acquisition by all extrahe-
patic tissues suggesting that HDL cholesteryl ester uptake
by the liver accurately reflects the rate of “reverse choles-
terol transport.” Receptor dependent HDL cholesteryl ester
uptake by the liver was maximal (saturated) at normal
plasma HDL concentrations. Consequently, changes in plasma
HDL concentrations are not accompanied by parallel changes
in the delivery of HDL cholesteryl ester to the liver unless
the number or affinity of transporters is also regulated. (J.
Clin. Invest. 1997. 99:1704-1713.) Key words: HDL « apo-
protein Al . cholesteryl ester transport  reverse cholesterol
transport

Introduction

Epidemiological and clinical studies have demonstrated an in-
verse relationship between the concentration of high density li-
poprotein (HDL)!-cholesterol in plasma and the risk of coro-
nary heart disease (1-3). The protective role of HDL is usually
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attributed to its ability to transport excess cholesterol from pe-
ripheral tissues back to the liver. Cholesterol that is synthe-
sized or acquired from lipoproteins by extrahepatic tissues
must be returned to the liver for excretion in a process that has
been termed “reverse cholesterol transport” (4, 5). HDL
clearly plays a major role in this process although many of the
details still need to be clarified. In peripheral tissues, reverse
cholesterol transport is initiated by the transfer of unesterified
cholesterol from cell membranes to nascent HDL (5-7). In the
presence of apo Al lecithin cholesterol acyltransferase (LCAT)
catalyzes the conversion of lecithin and cholesterol to lysoleci-
thin and cholesteryl ester, which is followed by the partitioning
of the hydrophobic cholesteryl ester moiety into the core of
the HDL particle.

The return of HDL cholesterol to the liver may follow one
of several routes. In the presence of cholesteryl ester transfer
protein (CETP), a portion of the HDL cholesteryl ester is
transferred to triglyceride-rich lipoproteins (in exchange for
triglyceride) and ultimately returned to the liver via the low
density lipoprotein (LDL) receptor and LDL receptor-related
protein pathways (8). In addition, a portion of HDL is cleared
from plasma and taken up by the liver as intact HDL particles
(9, 10). Finally, HDL cholesteryl esters are delivered to the
liver via a nonendocytic process in which cholesteryl ester is
selectively taken up by the liver resulting in an HDL particle of
reduced size and cholesteryl ester content (11, 12). This pro-
cess may be mediated by the scavenger receptor type B1 (SR-
BI), which was recently shown to mediate selective cholesteryl
ester uptake when transfected into Chinese hamster ovary
(CHO) cells (13). However, the exact role of this receptor in
the selective uptake of HDL cholesteryl ester in vivo has yet to
be determined.

To the extent that HDL clearance is mediated by receptor
dependent processes, turnover will be saturable and tissue up-
take will be dependent on the kinetic characteristics of the re-
ceptor dependent and receptor independent transport pro-
cesses in each organ as well as on the number of transporters
and the affinity with which HDL interacts with those trans-
porters. Consequently, the mechanisms that regulate plasma
HDL concentrations can only be understood if information is
available regarding the relationship between plasma HDL con-
centrations and rates of HDL transport in normal animals.

The present studies were undertaken to establish the kinet-
ics of HDL apo Al and cholesteryl ester transport in the ham-

1. Abbreviations used in this paper: CETP, cholesteryl ester transfer
protein; CHO, Chinese hamster ovary; HDL, high density lipopro-
tein(s); J™, maximal rate of receptor dependent transport; K, con-
centration necessary to achieve half maximal transport via receptor
dependent pathways; LDL, low density lipoprotein(s); P, proportion-
ality constant for receptor independent uptake; SR-BI, scavenger re-
ceptor type B1.



ster in vivo. While the hamster has become a well-established
model for the study of cholesterol, bile acid, and LDL metabo-
lism, there is relatively little information on HDL transport.
The hamster appears to be an excellent model for the study of
HDL metabolism and reverse cholesterol transport. Serum
HDL levels respond to dietary factors in a similar manner in
hamsters (14, 15, and L.A. Woollett and D.K. Spady, unpub-
lished observations) and humans (3, 16, 17). Hamsters do not
develop large amounts of apo E-rich particles in the HDL den-
sity range in response to cholesterol feeding (14, and L.A.
Woollett and D.K. Spady, unpublished observations). Most
importantly, it is possible to quantify rates of cholesterol ac-
quisition in all of the peripheral tissues of the body, which in a
steady state, equals the rate of movement of cholesterol from
peripheral tissues back to the liver (reverse cholesterol trans-

port).

Methods

Animals and diets. Male Golden Syrian hamsters (Sasco, Inc., Omaha,
NE) were housed in colony cages (5-6 animals/cage) and subjected to
alternating 12-h periods of light and darkness. During this time, ani-
mals were maintained on a standard cereal-based (low fat, low cho-
lesterol) rodent diet (Teklad Premier Laboratory Diets, Madison,
WI). Animals were in the weight range of 130-160 g at the time spe-
cific experiments were performed. All studies were carried out during
the mid-dark phase of the light cycle. All experiments were approved
by the Institutional Animal Care and Research Advisory Committee
of the University of Texas Southwestern Medical Center at Dallas.

Determination of HDL Apo Al transport. HDL apo Al transport
was quantified in vivo using a primed-continuous infusion of radiola-
beled HDL apo Al (18). Plasma was obtained from normocholester-
olemic hamsters maintained on a standard cereal-based rodent diet,
and HDL was isolated in the density range of 1.07-1.21 g/ml using se-
quential preparative ultracentrifugation and standard techniques (19).
Hamster HDL in this density range contains almost exclusively apo Al
(20) as confirmed on overloaded SDS polyacrylamide gels (not shown).
HDL apo AI was labeled in situ with the intracellularly trapped
marker ['*I]tyramine cellobiose (21) or with '3'T (22). The molar ratio
of tyramine cellobiose to apo Al was ~ 0.06 and the final specific ac-
tivity of the radiolabeled HDL preparations was ~ 200 dpm/ng pro-
tein. Greater than 96% of the ['*I]tyramine cellobiose label was pre-
cipitable with trichloroacetic acid and = 4% was extractable into 2:1
chloroform/methanol. The final specific activity for the '*'I-labeled
HDL was ~ 3,000 dpm/ng protein. Preliminary studies showed that
the tissue spaces for HDL at 10 min were identical whether HDL was
labeled with ['%T]tyramine cellobiose or 3'I.

Animals were administered a priming dose of ['*’I]tyramine cello-
biose-labeled HDL through a femoral vein catheter followed by a
continuous infusion of the same radiolabeled lipoprotein so as to
maintain a constant plasma specific activity. Femoral vein catheters
were placed under brief (~ 3 min) diethyl ether anesthesia. The pe-
riod of time that elapsed between insertion of catheters and initiation
of infusions varied from 10-30 min.

In some studies, infusions were continued for 1, 2, or 4 h to deter-
mine the time course of radiolabeled HDL apo AI uptake in the vari-
ous tissues of the body. In most studies, primed infusions of ['*I]ty-
ramine cellobiose-labeled HDL were continued for 4 h at which time
the animals were administered *'I-labeled HDL intravenously (as a
marker of the volume of plasma in each tissue) and killed 10 min
later. Plasma and tissue samples were assayed for radioactivity in a
gamma counter (Packard Instrument Co., Inc., Downers Grove, IL)
to an accuracy of *2%. The tissue spaces achieved by the labeled
HDL at 10 min (**'1 disintegrations per minute per gram of tissue di-
vided by the 1T disintegrations per minute per microliter of plasma)
and at 4 h and 10 min (**I disintegrations per minute per gram of tis-

sue divided by the steady state '>°I disintegrations per minute per mi-
croliter of plasma) were then calculated and have the units of microli-
ters per gram. The tissue space at 10 min represents radiolabeled
HDL apo AI present within the plasma and interstitial spaces. The
linear increase in tissue space between the 10-min time point and the
4-h and 10-min time point equals the rate of radiolabeled HDL apo
Al movement into the intracellular space of each organ and is ex-
pressed as the microliters of plasma cleared of its HDL apo Al con-
tent per hour per gram of tissue or per whole organ (23). Clearance
values were multiplied by the plasma HDL apo Al concentration to
obtain the absolute rates of HDL apo Al uptake.

The lipoprotein distribution of labeled apo Al was determined by
FPLC (Pharmacia Fine Chemicals, Uppsala, Sweden). At the com-
pletion of each study, equal volumes of plasma from animals within
an experimental group were pooled and 3 ml was injected onto a su-
perose 6 (Sigma Chemical Co., St. Louis, MO) column as previously
described (24). After a void volume of 45 ml, 2-ml fractions were col-
lected and assayed for radioactivity in a gamma counter.

Unless otherwise specified, the primed infusions contained trace
amounts of radiolabeled HDL apo AI that had no effect on plasma
HDL apo Al concentrations. In some experiments, the kinetics of HDL
apo Al transport were investigated using primed infusions of radiola-
beled HDL apo Al to which mass amounts of unlabeled hamster
HDL (d = 1.07-1.21 g/ml) had been added. Preliminary studies were
performed to determine how much radiolabeled HDL apo Al needed
to be infused each hour (relative to the priming dose) to maintain a
constant specific activity of HDL apo Al in plasma. In the case of
trace-labeled HDL apo Al, 6% of the priming dose was required per
hour as a continuous infusion to maintain a constant plasma specific
activity of radiolabeled HDL during the 4 h experimental period.
When mass amounts of HDL were added to the trace-labeled HDL
apo Al, the amount of radiolabeled HDL required per hour (relative
to the priming dose) to maintain a constant plasma specific activity
was reduced in proportion to the mass of HDL that was added to the
primed infusion. In animals receiving the largest mass amounts of
HDL (50 mg of hamster HDL apo Al per 100 g body weight added to
the primed infusion), only 3% of the priming dose was required per
hour to maintain a constant plasma specific activity (and HDL apo
Al concentration). In no case did the specific activity of plasma HDL
apo Al or HDL apo Al mass differ by more than 4% between the 10
min time point and the 4 h and 10 min time point.

Determination of albumin transport. Tissue clearance rates for al-
bumin were measured using primed infusions of ['*’I]tyramine cello-
biose-labeled hamster albumin (using the same protocol described
above for HDL apo Al). The molar ratio of tyramine cellobiose to al-
bumin was 0.1 and the specific activity of the radiolabeled albumin
preparation was 300 dpm/ng of protein. Greater than 96% of the ra-
dioactivity in the radiolabeled albumin preparation was precipitable
with trichloroacetic acid. At the end of the 4-h infusions each animal
was administered a bolus of '*I-labeled hamster albumin (as a mea-
sure of the volume of plasma within each tissue) and killed 10 min
later. Based on the results of preliminary studies, the continuous infu-
sions delivered 5% of the priming dose each hour to maintain the
specific activity of albumin in plasma constant over the 4-h experi-
mental period.

Determination of HDL cholesteryl ether transport. Hamster HDL
(d = 1.07-1.21 g/ml) was isolated as described above and labeled with
either the intracellularly trapped [la, 2a(n)-*H]cholesteryl oleyl
ether (25-27) or [cholesteryl-4-“C]oleate by exchange from donor li-
posomes as described (11, 28). Freshly collected rabbit plasma or a
d > 1.21 g/ml fraction of rabbit plasma was used as a source of CETP
(11). HDL labeled with either source of CETP gave identical tissue
uptake rates. When fresh rabbit plasma was used as the source of
CETP, rabbit HDL accounted for = 5% of the HDL in the reaction
mixture. The labeled HDL were reisolated by ultracentrifugation
(d = 1.07-1.21 g/ml), dialyzed against saline and used within 24 h.
The specific activity of the radiolabeled HDL preparations ranged
from 15-30 dpm/ng cholesteryl ester.
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Rates of HDL cholesteryl ether transport were determined using
the primed infusion protocol described above for HDL apo Al In
some experiments, the infusions of [*H]cholesteryl ether-labeled
HDL were continued for 1, 2, or 4 h to determine the time course of
HDL cholesteryl ether transport. In most studies, primed infusions of
[*H]cholesteryl ether-labeled HDL were continued for 4 h at which
time the animals were administered ['“C]cholesteryl ester-labeled HDL
intravenously and killed 10 min later. Plasma and tissue samples were
saponified in alcoholic KOH (29-31). After saponification, each of
the samples was adjusted with water to contain ~ 50% ethanol and
the sterols quantitatively extracted using petroleum ether (29, 31).
An exact aliquot of the petroleum ether extract was dried in a scintil-
lation vial, scintillation solution was added, and the samples were as-
sayed for their *H and '“C content in a scintillation counter (Beckman
Instruments Inc., Fullerton, CA) to an accuracy of =2%. The lipopro-
tein distribution of *H and *C was determined by FPLC as described
above for HDL apo Al Unless otherwise specified, the primed infu-
sions contained trace amounts of radiolabeled HDL cholesteryl ether
that had no effect on plasma HDL cholesterol concentrations. In
some experiments the relationship between HDL cholesteryl ester
transport and the concentration of HDL cholesteryl ester in plasma
was determined by adding mass amounts of unlabeled hamster HDL
(d = 1.07-1.21 g/ml) to the primed infusions of labeled HDL.

Preliminary studies were performed to determine the amount of
radiolabeled HDL cholesteryl ether required in the hourly infusions
(relative to the priming dose) to maintain a constant level of HDL
cholesteryl ether in plasma. In the case of trace-labeled HDL choles-
teryl ether, 10% of the priming dose was required per hour as a con-
tinuous infusion to maintain the plasma concentration of radiola-
beled HDL constant during the 4-h experimental period. When mass
amounts of HDL were added to the trace-labeled HDL cholesteryl
ether, the amount of radiolabeled HDL required per hour (relative to
the priming dose) to maintain a constant plasma specific activity was
reduced in proportion to the mass of HDL in the primed infusion. In
animals receiving the largest mass amounts of HDL (30 mg HDL
cholesteryl ester per 100 g body weight added to the primed infusion),
only 3% of the priming dose was required per hour to maintain a con-
stant plasma specific activity (and HDL cholesteryl ester concentra-
tion). In no case did the plasma concentration of HDL cholesteryl
ether label (or HDL cholesteryl ester mass) differ by more than 5%
between the 10-min time point and the 4-h and 10-min time point.

Determination of tissue LDL cholesterol uptake rates. Rates of
LDL cholesterol uptake were measured using primed infusions of
[***T]tyramine cellobiose-labeled homologous LDL as described pre-
viously (15). The molar ratio of tyramine cellobiose to apo B was ~ 1
and the specific activity of the radiolabeled LDL preparations
equaled ~ 300 dpm/ng protein. Greater than 96% of the radioactivity
in the labeled LDL preparation was precipitable with trichloroacetic
acid and < 4% of the label was extractable into 2:1 chloroform/meth-
anol. At the end of the 4 h infusions each animal was administered a
bolus of P'I-labeled hamster LDL (as a measure of the volume of
plasma within each tissue) and killed 10 min later. The final specific
activity for the '*I-labeled LDL was ~ 3,000 dpm/ng protein. Prelim-
inary studies showed that the tissue spaces for LDL at 10 min were
identical whether the LDL was labeled with ['*I]tyramine cellobiose
or B,

Determination of cholesterol synthesis rates. Hamsters were ad-
ministered ~ 100 mCi of [*H]water intravenously (29, 30). One hour
later the animals were anesthetized and exsanguinated through the
abdominal aorta. Aliquots of plasma were taken for the determina-
tion of body water specific activity, and samples of liver and various
extrahepatic tissues as well as the entire remaining carcass were taken
for the isolation of digitonin-precipitable sterols (31). Tissues were
saponified and the digitonin-precipitable sterols isolated and assayed
for tritium content. Rates of sterol synthesis are expressed as the mi-
crograms of sterol formed per hour assuming that 22 3H are incorpo-
rated into cholesterol in the presence of [*H]water in vivo, as previ-
ously demonstrated for the hamster (29, 30).
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Determination of plasma cholesterol and apo Al distribution.
The cholesterol distribution among plasma lipoproteins was deter-
mined by FPLC using a superose 6 column. 2-ml fractions were col-
lected and assayed for cholesterol and apo Al Cholesterol was as-
sayed using an enzymatic kit (Sigma Chemical Co., catalogue No.
352). Apo Al was assayed using a turbidometric assay essentially as
described (32). The apo Al antisera was prepared in rabbits using apo
Al purified from delipidated hamster HDL (d = 1.07-1.21 g/ml) by
anion exchange (Mono Q, Pharmacia LKB Biotechnology, Inc., Pis-
cataway, NJ) and gel filtration (superose 12) chromatography as de-
scribed (33).

Calculations and statistical analysis. Rates of HDL apo Al and
cholesteryl ester transport were quantified in normal animals under
conditions in which circulating HDL concentrations were acutely
raised and maintained at various levels during the 4 h experimental
period as described above. Values for tissue HDL apo Al or choles-
teryl ester uptake were plotted as a function of the concentration of
HDL apo Al or cholesteryl ester in the same animal. The kinetic pa-
rameters for HDL apo Al and cholesteryl ester transport were deter-
mined by fitting these data to an equation that takes into account
both receptor dependent (saturable) and receptor independent (non-
saturable) transport.

The rate of HDL apo Al or cholesteryl ester uptake by a particu-
lar tissue (/) is equal to the sum of the rates of uptake via receptor
dependent and receptor independent transport processes. Receptor
dependent transport can be described by the equation J™*C/(K, + C),
where J™ equals the maximal rate of tissue HDL apo Al or choles-
teryl ester uptake, K, equals the concentration of HDL apo Al or
cholesteryl ester in plasma necessary to achieve half-maximal rates of
tissue uptake and C equals the concentration of HDL apo Al or cho-
lesteryl ester in plasma. Receptor independent transport equals P*C,
where P equals the proportionality constant for receptor independent
uptake. Values for tissue HDL apo Al or cholesteryl ester uptake
were plotted as a function of the concentration of HDL apo Al or
cholesteryl ester in the same animal and these data were fitted to the
equation J, = (J™*C/(K,, + C)) + (P*C), which takes into account
both receptor dependent and receptor independent transport, using
the software package Ultrafit (Biosoft, Cambridge, UK). The three
parameter values (J™, K,,, and P*=95% confidence intervals) were
calculated using the Marquardt algorithm for nonlinear regression
and proportional weighting (34). All other data are presented as
means*1 SD.

Results

Tissue distribution and kinetics of HDL apo Al transport.
Rates of HDL apo Al transport were quantified using primed
infusions of homologous HDL. HDL apo Al was labeled with
the nondegradable, intracellularly trapped tracer ['%I]tyramine
cellobiose. The metabolic behavior of HDL apo Al differs
somewhat depending on whether apo Al has been labeled in
situ or by an in vitro transfer procedure, with the in situ la-
beled HDL apparently tracing normal HDL apo Al turnover
more accurately (35). In the current studies, hamster HDL apo
Al was labeled with ['%I]tyramine cellobiose in situ. Tyramine
cellobiose apparently did not alter the metabolic behavior of
HDL apo Al in that plasma clearance rates for hamster HDL
labeled with ['%T]tyramine cellobiose or '*'T were identical (not
shown). Under conditions in which the specific activity of
HDL apo AI was maintained at a constant level in plasma, ra-
diolabel accumulated in every organ of the body as a linear
function of time for at least 4 h (between 10 min and 4 h and 10
min) as illustrated in Fig. 1 for the adrenal glands, liver, and
kidneys. At the completion of the studies, the lipoprotein dis-
tribution of radiolabeled apo Al was determined by FPLC. No
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radioactivity was detected in fractions other than those corre-
sponding to authentic hamster HDL (d = 1.07-1.21 g/ml).

Using the 4 h experimental protocol described in Methods,
the tissue distribution of HDL apo Al transport was deter-
mined in animals with normal HDL concentrations and the re-
sults are shown in Fig. 2. When expressed per gram tissue
(top), the kidneys exhibited the highest rate of HDL apo Al
clearance followed by adrenal glands and liver. When ex-
pressed per whole organ (bottom), the liver was the single
most important site of apo Al uptake but accounted for only
~ 23% of total apo Al turnover. It should be emphasized,
however, that the clearance values shown in Fig. 2 apply only
to animals with normal plasma HDL concentrations. To the
extent that apo Al is cleared by receptor dependent mecha-
nisms in one or more organs of the body, the organ distribu-
tion of HDL apo Al clearance will vary with plasma HDL apo
Al concentrations depending on the kinetics of the receptor
dependent and receptor independent transport processes in
each tissue.

The kinetics of HDL Apo Al transport were determined in
normal animals using primed infusions of radiolabeled HDL
apo Al containing varying mass amounts of unlabeled homol-
ogous HDL (0-50 mg HDL apo Al per 100 g body weight).
Fig. 3 shows rates of HDL apo Al clearance by the kidneys,
adrenal glands, and liver as a function of the concentration of
HDL apo Al that was maintained in plasma during the 4 h ex-
perimental period. In these organs, the rate of apo Al clear-
ance decreased as a function of the concentration of HDL in
plasma. At the highest HDL apo Al concentrations achieved
in these studies, (~ 1,200 mg/dl), clearance rates for HDL apo
Al approached those of serum albumin. The product of the
HDL apo Al clearance rate and the plasma HDL apo Al con-
centration equals the absolute rate of HDL apo Al uptake.
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Figure 2. Rates of tissue HDL apo Al and serum albumin clearance
by individual organs of the hamster. Tissue clearance rates were de-
termined in vivo using primed infusions of trace labeled HDL apo Al
or albumin as described in Methods. Tissue clearance rates are ex-
pressed as the microliters of plasma cleared of HDL apo Al or albu-
min per hour per gram of tissue (top) or per whole organ per 100 g
body weight (bottom). The data represent the mean=+1 SD for data
obtained in 12 (HDL apo AI) or 6 (albumin) animals. *Indicates a
significant difference (P < 0.05) between the clearance rates for HDL
apo Al and serum albumin.

Fig. 4 shows the rates of HDL apo Al uptake by the kidneys,
adrenal glands, and liver as a function of the concentration of
HDL apo AI that was maintained in plasma during the 4 h ex-
perimental period. In these tissues, rates of apo Al uptake in-
creased as a curvilinear function of plasma HDL apo Al con-
centrations indicating competition for a limited number of
transport sites. Rates of apo Al uptake in the remaining tissues
of the body were low (when expressed per gram of tissue) and
increased as a linear function of plasma HDL apo Al concen-
trations.

Tissue distribution and kinetics of HDL cholesteryl ester
transport. HDL cholesteryl ester transport was traced with ho-
mologous HDL particles labeled with [PH]cholesteryl oleyl
ether, a nondegradable marker that remains intracellularly
trapped following uptake. Using the 4-h experimental protocol
described in Methods, the tissue distribution of HDL choles-
teryl ether transport was determined in animals with normal
HDL concentrations and the results are shown in Fig. 5 (HDL
apo Al clearance rates are also shown for comparative pur-
poses). When expressed per gram of tissue (top), the highest
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rates of HDL cholesteryl ether clearance were in the adrenal
glands (288 wl/h per g) and liver (82 pl/h per g). When ex-
pressed per whole organ (bottom), the liver was the most im-
portant site of HDL cholesteryl ether transport accounting for
~ 76% of total HDL cholesteryl ether turnover in control
hamsters. The clearance of HDL cholesteryl ether exceeded
that of HDL apo Al by ~ 10-fold in the adrenal glands and by
approximately fivefold in the liver. As shown in Fig. 6, very lit-
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Figure 5. Rates of tissue HDL cholesteryl ether and apo Al uptake
by individual organs of the hamster. Tissue clearance rates were
determined in vivo using primed infusions of trace labeled HDL
cholesteryl ether or apo Al as described in Methods and are expressed
as the microliters of plasma cleared of HDL cholesteryl ether or apo
Al per hour per gram of tissue (fop) or per whole organ per 100 g
body weight (bottom). The data represent the mean=*1 SD for data
obtained in 12 animals per group. *Indicates a significant difference
(P < 0.05) between the clearance rates for HDL cholesteryl ether and
apo AL

tle HDL cholesteryl ether accumulated in the lower density li-
poprotein fractions during the 4 h experimental time period,
consistent with the known low level of CETP in this species
(20, 36) and the somewhat reduced activity of CETP for ether
(relative to ester) conjugates of cholesterol (37).

The kinetics of HDL cholesteryl ester transport were ex-
amined using primed infusions of radiolabeled HDL choles-
teryl ether containing varying mass amounts of unlabeled ho-
mologous HDL (0-30 mg HDL cholesteryl ester per 100 g
body weight). Fig. 7 shows HDL cholesteryl ether clearance
rates in the adrenal glands, liver, and spleen as a function of
the concentration of HDL cholesteryl ester in plasma during
the 4-h experimental period. Hepatic cholesteryl ether clear-
ance declined steeply as a function of plasma HDL cholesteryl
ester concentrations such that HDL cholesteryl ether clear-
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tion times for hamster VLDL (d < 1.006 g/ml), LDL (d = 1.02-1.055
g/ml), and HDL (d = 1.07-1.21 g/ml) are indicated. The data repre-
sent the mean of two such experiments.

ance was reduced by ~ 50% under conditions in which circu-
lating HDL cholesteryl ester levels were increased approxi-
mately twofold. As a consequence, the absolute rate of HDL
cholesteryl ester uptake by the liver was maximal (saturated)
at normal plasma HDL concentrations and remained essen-
tially constant at higher plasma HDL levels as shown in Fig. 8.

Kinetic parameters for HDL apo Al and cholesteryl ester
transport. Using curve fitting software and a regression equa-
tion that takes into account the kinetics of both receptor de-
pendent and receptor independent transport, the data illus-
trated in Figs. 4 and 8 were subjected to nonlinear regression
analysis as described in Methods. The kinetic parameters for
receptor dependent (J™ and K,,) and receptor independent (P)
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transport that were generated by this analysis are shown in Ta-
ble I. Saturable receptor dependent HDL apo Al uptake could
be demonstrated in the kidneys, adrenal glands and liver with
values for /™ (maximal uptake rate) of 207, 135, and 56 png/h
per gram, respectively. Values for K, (the concentration of

Table I. Transport Parameters for Receptor Dependent and Receptor Independent HDL apo Al and Cholesteryl Ester Uptake

HDL apo Al parameters HDL cholesteryl ester parameters
Receptor Receptor
Receptor dependent independent Receptor dependent independent
Tissue Jm K, P Jm K, P
ug/h per g mg/dl ung/h per g per mg/dl ng/h per g mg/dl ng/h per g per mg/dl
Liver 56*36 277+176 0.04=0.04 58+10 14=10 0.03x0.01
Adrenal glands 135+89 372+168 0.04x0.05 147+43 11*+13 0.03=0.01
Kidneys 207+88 434288 0.07%0.06 4=3 5+29 0.02+0.01
Spleen ND* ND 0.07%0.03 9+1 17+33 0.05%+0.02
Lungs ND ND 0.05%0.02 17%9 14%39 0.05%0.05
Heart ND ND 0.06=0.03 5+6 1622 0.04=0.04
Small bowel ND ND 0.06=0.04 4=x4 1727 0.03+0.03
Colon ND ND 0.04=0.03 3*x4 18+35 0.02+0.04
Stomach ND ND 0.03x0.03 2x2 12+18 0.02+0.03
Testes ND ND 0.04x0.02 2+3 1527 0.03%0.02
Fat ND ND 0.02x0.02 1+3 19x25 0.01%0.02
Skeletal muscle ND ND <0.01 ND ND <0.01
Brain ND ND < 0.01 ND ND < 0.01

Rates of HDL apo Al and cholesteryl ester transport were quantified in normal animals under conditions in which circulating HDL concentrations
were acutely raised and maintained at various levels during the 4 h experimental period. Values for tissue HDL apo Al or cholesteryl ester uptake
were plotted as a function of the concentration of HDL apo Al or cholesteryl ester in the same animal as shown for selected tissues in Figs. 4 and 8.
The kinetic parameters for HDL apo Al and cholesteryl ester transport (=95% confidence intervals) were calculated by fitting these data to an equa-
tion that takes into account both receptor dependent (saturable) and receptor independent (nonsaturable) transport as described in Methods. *Not
detected. In these tissues, the receptor dependent component was so low that parameter values (/™, K,,) could not be determined.
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HDL apo Al in plasma necessary to achieve half-maximal up-
take) were quite high equaling 434, 372, and 277 mg/dl in the
kidneys, adrenal glands, and liver, respectively. These K, val-
ues are much higher than normal plasma HDL apo Al concen-
trations in the hamster (~ 115 mg/dl). In the remaining tissues
of the body, HDL apo AI uptake increased linearly with re-
spect to the concentration of HDL apo Al in plasma. The
slope of this relationship equals the receptor independent up-
take constant (P). The constant P gives the rate of HDL apo
AT uptake (micrograms per hour per gram) via receptor inde-
pendent (nonsaturable) processes for each mg/dl increase in
the plasma concentration of HDL apo Al

The kinetic parameters for HDL cholesteryl ester transport
are also shown in Table I. Saturable receptor dependent HDL
cholesteryl ester uptake was clearly demonstrated in the adre-
nal glands and liver with J™ values of 147 pg/h per g and 58 pwg/h
per g, respectively. Notably, the K, values were in the 10-15
mg/dl range: far below normal plasma HDL cholesteryl ester
concentrations in the hamster (~ 60 mg/dl), and far lower (20-
to 30-fold) than the K, values for HDL apo Al in the same tis-
sues. Thus, receptor dependent HDL cholesteryl ester uptake
by the liver was saturated at normal plasma HDL concentra-
tions and increased relatively little even with marked eleva-
tions in plasma HDL concentrations. With the exception of the
adrenal glands, rates of HDL cholesteryl ester uptake in the
extrahepatic tissues were quite low (when expressed per gram
tissue). The low rates of HDL cholesteryl ester uptake were
clearly saturable in most extrahepatic tissues; however, the re-
ceptor dependent component was so low that values for/™ and
K, could not be accurately determined for many of these tis-
sues.

Given the unexpected kinetic data for HDL cholesteryl es-
ter transport (that transport was saturated at normal plasma
HDL concentrations), we considered the possibility that the
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space with time equals the clearance rate in microliters of plasma
cleared entirely of radiolabeled HDL per hour per gram of tissue.
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transport process may have been down-regulated (rather than
simply saturated) by the elevated plasma HDL concentrations
that were present during the 4-h infusions. To investigate this
possibility, the time-course of HDL cholesteryl ester accumu-
lation over the 4-h experimental period was determined. Ani-
mals received primed infusions of tracer HDL cholesteryl
ether plus mass amounts of homologous HDL to elevate circu-
lating HDL cholesteryl ester concentrations approximately
threefold. Animals were killed at 1, 2, and 4 h. All organs
transported HDL cholesteryl ether as a linear function of the
time of infusion for at least 4 h as shown for the liver in Fig. 9.
These data suggest that the transport process was not acutely
down-regulated by the elevated HDL concentrations that
were present during the 4 h experimental period.

Acton et al. (13) recently identified the scavenger receptor
type B1 (SR-BI) as an HDL receptor that could mediate selec-
tive HDL cholesteryl ester uptake when transfected into CHO
cells. Originally, this receptor was noted to function as a recep-
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Table 11. Rates of Cholesterol Synthesis and Lipoprotein
Cholesterol Uptake in the Liver and Extrahepatic Tissues of
Normal Hamsters

Liver Extrahepatic tissues

pg/h per 100 body wt  ug/h per 100 body wt

Cholesterol synthesis 6+1 11012
LDL cholesterol uptake 83+9 19+3
HDL cholesteryl ester uptake 19636 62+8

Values represent the mean=+1 SD for data obtained in 6 (sterol synthesis
and LDL cholesterol uptake) or 12 (HDL cholesteryl ester uptake) ani-
mals.

tor for native LDL in COS cells transfected with SR-BI (38).
Studies were therefore undertaken to determine if LDL com-
petes with radiolabeled HDL cholesteryl ester for tissue up-
take in vivo. In these studies, rates of HDL cholesteryl ether
transport were determined in animals in which large mass
amounts of unlabeled homologous LDL were added to the
primed infusions. As shown in Fig. 10, LDL did not signifi-
cantly alter the tissue clearance of HDL cholesteryl ether at
concentrations of up to 30 times normal.

Under steady state conditions, cholesterol that is acquired
by extrahepatic tissues (from lipoproteins or de novo synthe-
sis) must be returned to the liver for excretion, a process that
has been termed “reverse cholesterol transport” (4, 5). To de-
termine the extent to which the rate of HDL cholesteryl ester
uptake by the liver reflects the rate of reverse cholesterol
transport, rates of cholesterol acquisition (via de novo synthe-
sis, LDL uptake, HDL uptake) in the extrahepatic tissues were
quantified and compared to the rate of HDL cholesteryl ester
uptake by the liver. As shown in Table II, the sum of the rates
of cholesterol synthesis, LDL cholesterol uptake and HDL
cholesteryl ester uptake by all of the extrahepatic tissues (191
pg/h per 100 g body weight) closely approximated the rate of
HDL cholesteryl ester uptake by the liver (196 pg/h per 100 g
body weight).

Discussion

These studies provide the first detailed analysis of the kinetics
of HDL apo Al and cholesteryl ester uptake by the various or-
gans of the body in vivo. HDL apo AI and cholesteryl ester
transport were studied separately as these components of
HDL may enter and leave the particle independently. The me-
tabolism of HDL apo AI and cholesteryl ester differed re-
markably in terms of tissue sites of uptake and transport kinet-
ics. When expressed per gram of tissue, the kidney was the
most active site of HDL apo AI uptake whereas the adrenal
gland was the most active site of HDL cholesteryl ester trans-
port. When expressed per whole organ, the liver was the single
most important site of apo Al uptake, but accounted for only
23% of total HDL apo Al turnover. In contrast, the liver ac-
counted for 76% of total HDL cholesteryl ester turnover.
Thus, at normal HDL concentrations the majority of HDL apo
Al (77%) was cleared from plasma by extrahepatic tissues
whereas the bulk of HDL cholesteryl ester (76%) was cleared
by the liver. These results are consistent with those reported

by Glass et al. in the rat (21, 39). Importantly, however, the
clearance rates for HDL apo AT and cholesteryl ester shown in
Figs. 2 and 5 apply only to animals with normal plasma HDL
levels. Under conditions in which the concentration of HDL in
plasma is raised or lowered, HDL apo AI and cholesteryl ester
uptake in each organ will vary depending on the kinetic char-
acteristics of the receptor dependent and receptor indepen-
dent transport processes in that tissue. To define these kinetic
characteristics, the relationship between the concentration of
HDL in plasma and the rates of HDL apo Al and cholesteryl
ester uptake was determined for all tissues of the hamster us-
ing primed infusions of radiolabeled HDL apo AI or choles-
teryl ether to which varying mass amounts of unlabeled HDL
were added.

Just as there were major differences in the tissue distribu-
tion of HDL apo AI and cholesteryl ester transport, there
were important differences in the kinetic characteristics of
HDL apo AI and cholesteryl ester transport. In the liver and
adrenal glands, the J™ values for receptor dependent HDL apo
Al and cholesteryl ester transport were similar. In contrast, the
K, values differed greatly for the two moieties of HDL. Half-
maximal rates of HDL cholesteryl ester uptake were achieved
at plasma HDL cholesteryl ester concentrations of 10-20 mg/dl
(far below the normal HDL cholesterol ester concentration of
~ 60 mg/dl) whereas half-maximal rates of HDL apo AI up-
take were achieved at plasma HDL apo Al concentrations of
300-400 mg/dl (far above the normal HDL apo Al concentra-
tion of ~ 115 mg/dl). Thus, HDL cholesteryl ester is taken up
via a high affinity (low K,,) process whereas apo Al is trans-
ported via a low affinity (high K,,) pathway. As a consequence,
at normal plasma HDL levels, the clearance of HDL choles-
teryl ester exceeds that of HDL apo Al by ~ 10-fold in the ad-
renal glands and by approximately fivefold in the liver. These
data suggest that the process of selective cholesteryl ester up-
take is related to differences in the affinity of the transport
processes involved in particle uptake and selective cholesteryl
ester uptake.

Another factor that may contribute to selective uptake in
vivo is the transfer of cholesteryl esters from HDL to lower
density lipoproteins via the activity of CETP with subsequent
uptake of these particles by the liver. However, during infu-
sions of [*H]cholesteryl ether-labeled HDL, very little label ac-
cumulated in lower density lipoproteins suggesting that the
majority of labeled cholesteryl ether that accumulated in tis-
sues was derived directly from HDL. This is consistent with
the known low levels of CETP activity in hamster plasma (20,
36) and the less active transfer of cholesteryl ether compared
to cholesteryl ester (37).

Limited data have been published regarding the kinetics of
HDL transport in vivo. Andersen and Dietschy (40) examined
the kinetic characteristics of lipoprotein transport in the rat ad-
renal gland in vivo. In their studies, the half-maximal transport
rate for rat HDL cholesterol was achieved at a plasma HDL
cholesterol concentration of ~ 7 mg/dl, which was far below
the plasma HDL cholesterol concentration in the rat. This
value is similar to the K, values for HDL cholesteryl ester
transport observed in the current studies and is within the
range of values obtained in various cell lines (39, 41). In con-
trast, the apparent K, for LDL transport in rats and hamsters
is ~ 100 mg/dl: considerably higher than the normal LDL cho-
lesterol concentration in these species (42) and far higher than
values obtained in cultured cells (43). This discrepancy in val-
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ues for LDL receptor affinity between in vivo and in vitro
studies has at least two potential explanations. First, under in
vivo conditions there may be resistance to the passage of se-
rum lipoproteins into the interstitial space. As a consequence,
the concentration of lipoproteins in the pericellular space may
be significantly lower than in plasma. In lymph derived from
the lower extremity, the concentration of LDL is about one-
tenth that in plasma, suggesting a significant diffusion barrier
to the movement of lipoproteins from plasma to the interstitial
fluid of skeletal muscle (44). However, such a diffusion barrier
should not exist in the extremely permeable microvascular bed
of the liver, where sinusoids offer little, if any, resistance to the
passage of lipoproteins. A second possibility for the discrep-
ancy is competition from other lipoproteins for receptor de-
pendent transport. Apo E-containing lipoproteins compete
with LDL for uptake via the LDL receptor pathway thereby
raising the apparent K, (lowering the affinity) for receptor de-
pendent LDL transport in vivo (45). The similarity in K, val-
ues for HDL cholesteryl ester transport between in vivo and in
vitro studies suggests that lipoproteins other than HDL do not
compete for the transport process(es) that mediate(s) HDL
cholesteryl ester uptake. This was demonstrated experimen-
tally for LDL in these studies where massive elevations of
plasma LDL concentrations failed to significantly alter HDL
cholesteryl ester uptake in any organ.

While the liver was the principal site of HDL cholesteryl
ester uptake, extrahepatic tissues accounted for ~ 24% of total
HDL cholesteryl ester turnover in normal animals. In the control
hamster, the rate of HDL cholesteryl ester uptake by all extra-
hepatic tissues combined exceeded the rate of LDL choles-
terol uptake in these same tissues by approximately threefold.
HDL are thought to play a key role in transporting excess cho-
lesterol from peripheral tissues back to the liver for excretion
(4,5). In the most straightforward situation, plasma membrane
cholesterol is transferred to nascent discoidal HDL particles
within peripheral tissues (6, 7). Nascent HDL are converted to
mature HDL through the action of LCAT (4, 5). Newly
formed cholesteryl esters within the HDL particle are, in turn,
transported to the liver, either directly or after transfer to
lower density lipoproteins (5, 8). Under steady state conditions,
the rate of cholesterol acquisition by all of the extrahepatic tis-
sues should equal the rate of HDL cholesteryl ester returned
to the liver, ignoring the relatively small amounts of choles-
terol that are converted to steroid hormones or lost from the
skin. Extrahepatic tissues acquire cholesterol from three sources:
(a) de novo synthesis; (b) LDL cholesterol uptake; and (c)
HDL cholesterol uptake. In the current studies, the rate of
cholesterol synthesis by all of the extrahepatic tissues equaled
110 pg/hour per 100 g body weight. As also demonstrated in
these studies, the rate of HDL cholesteryl ester uptake by all
of the extrahepatic tissues equaled 62 pg/h per 100 g body
weight. Including the rate of LDL cholesterol uptake by the
extrahepatic tissues (19 pg/h per 100 g body weight) yields a
value for total cholesterol acquisition by the extrahepatic tis-
sues of 191 pg/h per 100 g body weight. This value closely ap-
proximates the rate of HDL cholesteryl ester uptake by the
liver (196 wg/h per 100 g body weight). These observations
suggest that the rate of HDL cholesteryl ester uptake by the
liver accurately reflects the rate of reverse cholesterol trans-
port.

In the kidneys, adrenal glands, and liver, HDL apo AI up-
take significantly exceeded albumin uptake and was saturable
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suggesting a receptor dependent process for apo Al uptake.
The nature of this transport process is poorly understood.
With the exception of the kidney, HDL apo AI uptake is
thought to reflect transport of the whole particle (10). In the
kidneys, uptake of HDL apo AI may reflect clearance and
degradation of free apo Al in the proximal tubules (21, 27).
Whether HDL particle uptake and selective cholesteryl ester
uptake are mediated by the same or different receptors has not
yet been resolved; however, the two processes can be dissoci-
ated under a variety of experimental conditions suggesting dis-
tinct transport mechanisms (46-48).

Receptor independent transport of HDL apo Al and cho-
lesteryl ester was demonstrated in all tissues. Whereas the liver
accounted for the vast majority of receptor dependent HDL
cholesteryl ester transport, the bulk of receptor independent
HDL transport occurred in extrahepatic tissues. Receptor de-
pendent uptake of HDL cholesteryl ester by the liver is satu-
rated at normal plasma HDL concentrations. Consequently,
increases in plasma HDL concentrations will mainly increase
the rate of receptor independent (nonsaturable) HDL choles-
teryl ester uptake, which occurs predominantly in extrahepatic
tissues. Thus, in normal animals, the proportion of plasma
HDL cholesteryl ester that is cleared by the liver will fall if
plasma HDL concentrations are raised.

Acton and coworkers identified the scavenger receptor
type BI (SR-BI) as an HDL receptor that is capable of mediat-
ing selective cholesteryl ester uptake in LDL receptor negative
CHO cells (13). The exact role of this receptor in mediating
HDL cholesteryl ester uptake in vivo is currently unknown.
Originally, this receptor was noted to function as a receptor for
native LDL in COS cells transfected with SR-BI (38). How-
ever, in our studies, LDL did not compete with radiolabeled
HDL cholesteryl ether for tissue uptake in vivo. If SR-BI binds
LDL (38) and HDL (13), it is somewhat surprising that LDL
did not compete with HDL cholesteryl ester for uptake. It is
possible that the relatively low concentration of LDL present
in control animals is sufficient to completely saturate the re-
ceptor; however, it would then be necessary to postulate differ-
ent binding sites in SR-BI for LDL and HDL. Alternatively, it
is possible that receptors other than SR-BI play a significant
role in HDL cholesteryl ester transport in vivo. In any event, it
is clear that LDL has no detectable effect on HDL cholesteryl
ester clearance in any tissue at plasma LDL cholesterol con-
centrations ranging from 25 to 800 mg/dl.

In summary, these studies establish the kinetic characteris-
tics of HDL apo Al and cholesteryl ester transport in the nor-
mal hamster. Perhaps the most notable observation was that
HDL cholesteryl ester uptake by the liver, which accounts for
the bulk of HDL cholesteryl ester clearance from plasma, is
largely saturated at normal HDL concentrations. As a conse-
quence, changes in plasma HDL concentrations are not ac-
companied by parallel changes in HDL cholesteryl ester deliv-
ery to the liver unless the number of transporters or the
affinity with which HDL interacts with these transporters is
also regulated. These studies also predict that small changes in
the rate of cholesteryl ester entering HDL (HDL cholesteryl
ester flux) will result in disproportionately large changes in
plasma HDL cholesteryl ester concentrations, as removal mech-
anisms are largely saturated in the normal hamster. Having es-
tablished the relationship between rates of HDL (apo Al and
cholesteryl ester) transport and plasma HDL concentrations in
normal animals, it will now be possible to determine the mech-



anisms whereby dietary and pharmacological factors alter
plasma HDL concentrations.
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