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Abstract The concentration dependence and tissue distri-
bution of high density lipoprotein (HDL) cholesteryl ester
and apolipoprotein (apo) transport were determined in
apoA-I knockout mice (apoA-I

 

2

 

/

 

2

 

) that lack normal HDL in
plasma. Rates of HDL cholesteryl ester clearance were
highly sensitive to plasma HDL cholesteryl ester concentra-
tions with clearance rates falling by 80% in the liver and by
95% in the adrenal glands when plasma HDL cholesteryl es-
ter concentrations were acutely raised to levels normally
seen in control mice (

 

,

 

50 mg/dl). With the exception of
the brain, saturable HDL cholesteryl ester uptake was dem-
onstrated in all tissues of the body, with the adrenal glands
and liver manifesting the highest maximal transport rates
(J

 

m

 

). The plasma concentration of HDL cholesteryl ester
necessary to achieve half-maximal transport (K

 

m

 

) equaled 4
mg/dl in the adrenal glands and liver; as a consequence,
HDL cholesteryl ester uptake by these organs is maximal
(saturated) at normal plasma HDL concentrations in the
mouse.  When expressed per whole organ, the liver was
the most important site of HDL cholesteryl ester clearance
accounting for 

 

,

 

72% of total HDL cholesteryl ester turn-
over at normal plasma HDL concentrations. HDL choles-
teryl ester transporter activity and scavenger receptor type
B1 (SR-BI) protein and mRNA levels were not up-regulated
in any organ of apoA-I
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mice even though these animals
lack normal HDL.—
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An inverse relationship exists between the plasma con-
centration of high density lipoprotein (HDL) cholesterol
and the risk of clinical coronary heart disease (1–3). Al-
though the mechanisms responsible for this relationship
are poorly understood, the protective effect of HDL is
usually attributed to its role in maintaining sterol balance
in extrahepatic tissues. Cholesterol that is acquired by
most extrahepatic tissues (from de novo synthesis or lipo-
protein uptake) must be returned to the liver for excre-
tion in a process that has been termed reverse (4, 5) or

 

centripetal (6) cholesterol transport. Reverse cholesterol
transport is initiated in extrahepatic tissues by the transfer
of unesterified cholesterol from cell membranes to na-
scent HDL (4, 5). A portion of this cholesterol is esterified
by lecithin:cholesterol acyltransferase and partitions into
the hydrophobic core of the HDL particle. HDL choles-
teryl esters are cleared from plasma via several pathways
including 

 

1

 

) transfer to lower density lipoproteins with
subsequent uptake via the LDL receptor pathway (7), 

 

2

 

)
uptake of the whole HDL particle (8), and 

 

3

 

) selective up-
take of HDL cholesteryl esters resulting in an HDL parti-
cle of reduced size and cholesteryl ester content (9, 10).
This latter process is likely mediated by the scavenger re-
ceptor type B1 (SR-BI), which was shown to mediate selec-
tive cholesteryl ester uptake when transfected into cells
(11).

The kinetic characteristics of HDL cholesteryl ester and
apoA-I transport have been analyzed in the hamster in
vivo (12). These studies demonstrated saturable HDL cho-
lesteryl ester transport in most tissues of the body with the
highest maximal transport rates ( J

 

m

 

) in the adrenal
glands and liver. Unexpectedly, the concentration of HDL
cholesteryl ester necessary to achieve half-maximal trans-

 

port (K

 

m

 

) in these tissues was 

 

,

 

13 mg/dl, well below the
normal plasma concentration of HDL cholesteryl ester in
the hamster. As a consequence, receptor-dependent HDL
cholesteryl ester uptake was maximal (saturated) at nor-
mal plasma HDL concentrations. Because HDL concen-
trations could be acutely raised but not lowered in these
in vivo studies, it was not possible to directly determine
the kinetic characteristics of the transport process at less
than saturating plasma HDL concentrations.

While the hamster is an established model for the study
of nutrient and drug effects on cholesterol and bile salt

 

Abbreviations: HDL, high density lipoprotein(s); LDL, low density
lipoprotein(s); J

 

m

 

, maximal rate of receptor-dependent transport; K

 

m

 

,
concentration necessary to achieve half-maximal transport via recep-
tor-dependent mechanisms; P, proportionality constant for receptor-
independent transport; SR-BI, scavenger receptor type B1; FCR, frac-
tional catabolic rate.
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metabolism, the availability of natural and induced mu-
tant strains has made the mouse a valuable model for ex-
amining genetic influences on sterol balance and lipopro-
tein metabolism. A large number of mutant mouse strains
exist that lack or overexpress proteins directly involved in
HDL metabolism. Of importance with respect to the cur-
rent studies, apoA-I knockout mice (apoA-I

 

2

 

/

 

2

 

) are avail-
able that have very low background levels of HDL, mak-
ing it possible to generate complete kinetic curves
defining the concentration dependence of HDL choles-
teryl ester transport. The current studies were under-
taken to establish the kinetic characteristics and tissue
distribution of HDL cholesteryl ester and apoprotein
transport in the mouse.

METHODS

 

Animals and diets

 

All studies were performed in male C57Bl/6 mice with or
without targeted disruption of the apoA-I gene (13). Animals
were obtained from Jackson Laboratories and housed in colony
cages (5–6 animals/cage) in a room with light cycling (12 h light
and 12 h dark) and controlled temperature and humidity. Ani-
mals were maintained on a standard cereal-based (low-fat, low-
cholesterol) rodent diet (Teklab Premier Laboratory Diets, Madi-
son, WI). All studies were carried out during the mid-dark phase
of the light cycle. All experiments were approved by the Institu-
tional Animal Care and Research Advisory Committee of the
University of Texas Southwestern Medical Center at Dallas.

 

Determination of HDL cholesteryl ether transport

 

Human HDL was isolated in the density range of 1.07–1.21 g/
ml using sequential preparative ultracentrifugation and standard
techniques (14) and labeled with either the intracellularly
trapped [1

 

a

 

, 2

 

a

 

(n)-

 

3

 

H]cholesteryl oleyl ether (15–17) or [cho-
lesteryl-4-

 

14

 

C]oleate by exchange from donor liposomes as de-
scribed (9, 18). The labeled HDL were reisolated by ultracentri-
fugation, dialyzed against saline, and used within 24 h. The
specific activity of the radiolabeled HDL preparations ranged
from 20 to 50 dpm/ng cholesteryl ester.

Rates of HDL cholesteryl ether transport were determined us-
ing a primed infusion protocol as previously described (12). Poly-
ethylene catheters (ID 0.28 mm, OD 0.61 mm) were placed into
the femoral vein under brief (

 

,

 

3 min) methoxyflurane anesthe-
sia. Animals were administered a priming dose of [

 

3

 

H]choles-
teryl ether-labeled HDL intravenously followed by a continuous
infusion of the same radiolabeled lipoprotein at a rate deter-
mined in preliminary studies to maintain a constant plasma spe-
cific activity. The primed infusions of [

 

3

 

H]cholesteryl ether-
labeled HDL were continued for 4 h at which time each animal was
administered [

 

14

 

C]cholesteryl ester-labeled HDL intravenously
(as a marker of the volume of plasma within each tissue) and
killed 10 min later. Plasma and tissue samples were saponified
and the sterols were quantitatively extracted using petroleum
ether (12). Exact aliquots of the petroleum ether extracts were
dried in scintillation vials and assayed for their 

 

3

 

H and 

 

14

 

C con-
tent. The tissue spaces achieved by the labeled HDL at 10 min
(

 

14

 

C dpm per gram of tissue divided by the 

 

14

 

C dpm per microli-
ter of plasma) and at 4 h and 10 min (

 

3

 

H dpm per gram of tissue
divided by the steady-state 

 

3

 

H dpm per microliter of plasma)
were then calculated and have the units of 

 

m

 

l/g. The increase in
tissue space over the 4-h experimental time period equals the

rate of radiolabeled HDL cholesteryl ether movement into each
organ and is expressed as the microliters of plasma cleared of its
HDL cholesteryl ether content per h per g of tissue or per whole
organ (12). Clearance values were multiplied by the plasma HDL
cholesteryl ester concentration to obtain the absolute rates of
HDL cholesteryl ester uptake expressed as the micrograms of
HDL cholesteryl ester taken up per h per g of tissue or per whole
organ. The concentration dependency of human HDL choles-
teryl ester transport was determined by adding mass amounts of
unlabeled human HDL (d 1.07–1.21 g/ml) to the primed infu-
sions of labeled HDL in amounts necessary to achieve new
steady-state levels of human HDL cholesteryl ester in plasma that
varied from 

 

,

 

1 mg/dl to 400 mg/dl.
Preliminary studies were performed to determine how much

radiolabeled HDL needed to be infused each hour (relative to
the priming dose of 

 

,

 

100,000 dpm) to maintain a constant
plasma concentration of radiolabeled HDL in plasma. In apoA-
I

 

2

 

/

 

2

 

 mice infused with trace-labeled HDL cholesteryl ether,
100% of the priming dose was required per h as a continuous in-
fusion to maintain a constant plasma concentration of radiola-
beled HDL. When mass amounts of HDL were added to the
trace-labeled HDL cholesteryl ether, the amount of radiolabeled
HDL (relative to the priming dose) that needed to be infused
per h to maintain a constant plasma specific activity was reduced.
In animals receiving the largest mass amounts of HDL, 

 

,

 

5% of the
priming dose was required per h to maintain a constant plasma
specific activity (and HDL cholesteryl ester concentration).

 

Determination of HDL apolipoprotein transport

 

HDL apolipoprotein transport was quantified in vivo using
primed infusions of radiolabeled HDL apoprotein as previously
described (12). Human HDL (d 1.07-1.21 g/ml) was labeled in
situ with the intracellularly trapped marker 

 

125

 

I-labeled tyramine
cellobiose (19) or with 

 

131

 

I (20). The final specific activity of
the 

 

125

 

I-labeled tyramine cellobiose-labeled HDL was 

 

,

 

175
dpm/ng protein. The final specific activity of the 

 

131

 

I-labeled
HDL was 

 

,

 

3000 dpm/ng protein. Animals were administered
a priming dose of 

 

125

 

I-labeled tyramine cellobiose-labeled HDL
through a femoral vein catheter followed by a continuous infu-
sion of the same radiolabeled lipoprotein at a rate determined
in preliminary studies to maintain a constant plasma specific
activity; at 4 h each animal was administered 

 

131

 

I-labeled HDL
intravenously (as a marker of volume of plasma within each tis-
sue) and killed 10 min later. Plasma and tissue samples were as-
sayed for radioactivity in a gamma counter. Tissue clearance
rates were calculated as described above for [

 

3

 

H]cholesteryl
ether-labeled HDL. The concentration dependency of human
HDL apolipoprotein transport was determined by adding unla-
beled human HDL (d 1.07-1.21 g/ml) mass to the primed infu-
sions of labeled HDL in amounts necessary to achieve new
steady-state levels of human HDL apolipoprotein in plasma
that varied from 

 

,

 

1 mg/dl to nearly 600 mg/dl. The concen-
tration of human HDL apolipoprotein achieved in each mouse
was calculated from the steady-state level of radioactivity in
plasma and the specific activity of the infused HDL.

Preliminary studies were performed to determine how much
radiolabeled HDL needed to be infused each hour (relative to
the priming dose of 

 

,

 

200,000 dpm) to maintain a constant
plasma concentration of radiolabeled HDL in plasma. In apoA

 

2

 

/

 

2

 

mice infused with trace-labeled HDL, 

 

,

 

10% of the priming dose
was required per h as a continuous infusion to maintain a con-
stant plasma concentration of radiolabeled HDL. In animals re-
ceiving the largest mass amounts of HDL, 

 

,

 

5% of the priming
dose was required per h to maintain a constant plasma specific
activity (and HDL apolipoprotein concentration).
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Recombinant adenoviruses

 

Generation and large scale production of the recombinant ad-
enoviruses AdCMV-apoA-I (21), carrying the cDNA for human
apoA-I, and AdCMV-luc (22), carrying the firefly luciferase gene,
have been previously described. ApoA-I

 

2

 

/

 

2

 

 mice were adminis-
tered 10

 

9

 

 pfu recombinant adenovirus by intravenous injection.
All experiments were performed 3 days after virus administration.

 

Immunoblot analyses

 

Membrane fractions were prepared from pulverized mouse tis-
sue that had been frozen in liquid N

 

2

 

 immediately after harvest-
ing and stored at 

 

2

 

80

 

8

 

C. Immunoblot analysis was performed
under reducing conditions using polyclonal antibodies raised
against the C-terminal 14 amino acids of the mouse SR-BI (11,
23). An identical protocol was used for immunoblot analysis of
the LDL receptor, except that the gels were run under nonreduc-
ing conditions, and a polyclonal rabbit anti-bovine LDL receptor
antibody was used (24).

 

Determination of mRNA levels

 

Hepatic SR-BI and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH, used as an invariant control) mRNA levels were
determined by nuclease protection (25, 26). Single-stranded 

 

32

 

P-
labeled probes for mouse SR-BI and GAPDH were synthesized by
oligonucleotide primed synthesis from M13 subclones as previ-
ously described (25) using 0.5 

 

m

 

m

 

 [

 

32

 

P]dCTP and 1 

 

m

 

m

 

 (SR-BI)
or 300 

 

m

 

m

 

 (GAPDH) unlabeled dCTP. The template cDNA for
the SR-BI probe was obtained by reverse transcription-PCR using
mouse liver RNA and oligonucleotides that span nucleotides
157–617 of the SR-BI cDNA (11).

Samples of liver were homogenized in guanidinium thiocyan-
ate and the RNA isolated by the method of Chomczynski and
Sacchi (27). Total RNA (5–40 

 

m

 

g) was hybridized with the 

 

32

 

P-
labeled cDNA probes simultaneously at 42

 

8

 

C overnight. Unhybrid-
ized probe, present in excess relative to the amount of specific
mRNA, was then digested with mung bean nuclease (GIBCO
BRL/Life Technologies, Gaithersburg, MD). The mRNA-pro-
tected 

 

32

 

P-labeled probes were separated on 7 

 

m

 

 urea, 6% poly-
acrylamide gels, and the radioactivity in each band, corrected for
background radioactivity, was quantified using an isotopic imag-
ing system (Ambis, Inc., San Diego, CA). The level of GAPDH
mRNA did not vary among the experimental groups and was
used to correct for any procedural losses.

 

Distribution of cholesterol and radioactivity among 
plasma lipoproteins

 

The lipoprotein distribution of plasma cholesterol and apoA-I
was determined by FPLC. Equal volumes of plasma from animals
within an experimental group were pooled and injected onto a Su-
perose 6 (Sigma Chemical Co., St. Louis, MO) column as previ-
ously described (12). Two-ml aliquots were collected and assayed
for cholesterol and apoA-I. Cholesterol was assayed using an enzy-
matic kit (Sigma Chemical Co., catalog #352). Human apoA-I was
assayed using a turbidometric assay as described (12, 28).

 

Calculations and statistical analysis

 

Rates of human HDL cholesteryl ester transport were quanti-
fied in apoA-I

 

2

 

/

 

2

 

 mice under conditions in which circulating hu-
man HDL concentrations were acutely raised and maintained at
levels ranging from 

 

,

 

1 mg/dl to 400 mg/dl as described above.
Values for tissue HDL cholesteryl ester uptake were plotted as a
function of the concentration of HDL cholesteryl ester in the
same animal. The kinetic parameters for receptor-dependent
(saturable) and receptor-independent (nonsaturable) HDL cho-
lesteryl ester transport were determined by fitting these data to
the equation J

 

t

 

 = ( J

 

m

 

*C/K

 

m

 

 + C) + (P

 

*

 

C

 

), 

 

where

 

 J

 

t

 

 equals total

 

HDL cholesteryl ester uptake via receptor-dependent and receptor-
independent mechanisms, J

 

m

 

 equals the maximal rate of HDL
cholesteryl ester uptake via receptor dependent mechanisms, K

 

m

 

equals the concentration of HDL cholesteryl ester in plasma nec-
essary to achieve half-maximal rates of receptor dependent up-
take, C equals the concentration of HDL cholesteryl ester in
plasma, and P equals the proportionality constant for receptor-
independent uptake (12). The three parameter values ( J

 

m

 

, K

 

m

 

,
and P 

 

6

 

 95% confidence intervals) were calculated with the soft-
ware package Ultrafit (Biosoft, Cambridge, UK) using the Mar-
quardt algorithm for nonlinear regression and proportional
weighting (29). All other data are presented as means 

 

6

 

 1 SD.

 

RESULTS

 

Kinetics of HDL cholesteryl ester transport
in apoA-I
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/

 

2

 

 mice

 

The kinetic characteristics of HDL cholesteryl ester
transport were determined in apoA-I

 

2

 

/

 

2

 

 mice, which lack
normal plasma HDL. Low background levels of circulat-
ing HDL were desirable because our previous studies had
found the HDL cholesteryl ester transport mechanism to
be fully saturated at normal HDL concentrations in the
hamster (12). HDL cholesteryl ester transport was traced
using human HDL labeled with [

 

3

 

H]cholesteryl oleyl
ether, a nondegradable marker that remains intracellu-
larly trapped after uptake. At the end of each experiment,
the lipoprotein distribution of radiolabeled HDL was de-
termined by FPLC using a Superose 6 column. No radio-
activity was detected in fractions other than those corre-
sponding to authentic human HDL.

 

Figure 1A

 

 shows HDL cholesteryl ether clearance rates
in the adrenal gland as a function of the concentration of
HDL cholesteryl ester in plasma during the 4-h infusion
period. HDL cholesteryl ether clearance by the adrenal
glands ranged from 3,000 to 9,000 

 

m

 

l/h per g in apoA-I

 

2

 

/

 

2

 

mice infused with trace amounts of [

 

3

 

H]cholesteryl ether-
labeled HDL (shaded circles). When various mass
amounts of HDL were added to the primed infusions,
clearance rates decreased sharply as a function of the
steady-state plasma HDL cholesteryl ester concentration
that was maintained during the infusion period (open cir-
cles). Clearance rates were reduced by 

 

.

 

90% when mass
amounts of HDL were added to raise plasma HDL choles-
teryl esters to concentrations normally seen in control
mice (

 

,

 

50 mg/dl). To obtain the mass amount of HDL
cholesteryl ester taken up by the adrenal glands, the clear-
ance rates shown in Fig. 1A were multiplied by the plasma
HDL cholesteryl ester concentration in the same animal
and these values are plotted in Fig. 1B as a function of the
plasma HDL cholesteryl ester concentration in each ani-
mal. Absolute rates of HDL cholesteryl ester uptake by the
adrenal gland plateaued at a plasma cholesteryl ester con-
centration of 

 

,

 

50 mg/dl and increased relatively little
even when plasma HDL cholesteryl ester concentrations
were raised to 

 

,

 

400 mg/dl. HDL cholesteryl ether trans-
port rates were also measured in apoA-I

 

1

 

/

 

1

 

 mice (solid
circles). HDL cholesteryl ether clearance rates were 

 

.

 

20-
fold higher in apoA-I

 

2

 

/

 

2

 

 animals than in apoA-I

 

1

 

/

 

1

 

 ani-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

1486 Journal of Lipid Research

 

Volume 39, 1998

 

mals when trace amounts of radiolabeled HDL were in-
fused (Fig. 1A). However, transport rates were similar in
apoA-I

 

2

 

/2and apoA-I1/1 mice when plasma HDL choles-
teryl ester levels in apoA-I2/2 mice were acutely raised to
match those of apoA-I1/1 mice by adding HDL mass to
the primed infusions of trace-labeled HDL.

Figure 2 shows the saturation curves for HDL choles-
teryl ester transport in the liver. HDL cholesteryl ether
clearance by the liver ranged from 700 to 1,400 ml/h per g
in apoA-I2/2 mice infused with trace amounts of [3H]cho-
lesteryl ether-labeled HDL (shaded circles). As in the ad-
renal glands, the hepatic clearance of radiolabeled HDL
was highly sensitive to the concentration of HDL choles-
teryl ester in plasma (Fig. 2A) and absolute rates of HDL
cholesteryl ester uptake plateaued at a plasma HDL cho-

lesteryl ester concentration of ,50 mg/dl (Fig. 2B). HDL
cholesteryl ether clearance rates were ,5-fold higher in
apoA-I2/2 animals than in apoA-I1/1 animals when trace
amounts of radiolabeled HDL were infused. However, as
in the adrenal glands, transport rates were similar in
apoA-I2/2 and apoA-I1/1 mice when plasma HDL choles-
teryl ester levels in apoA-I2/2 mice were acutely raised to
match those of apoA-I1/1mice by adding HDL mass to the
primed infusions of trace-labeled HDL.

While HDL cholesteryl ester transporter activity was
highest in the adrenal glands and liver, saturable HDL
cholesteryl ester transport could be demonstrated in most
tissues as illustrated in Fig. 3. HDL cholesteryl ether clear-
ance by the spleen ranged from 80 to 240 ml/h per g in
apoA-I2/2 mice infused with trace amounts of [3H]choles-
teryl ether-labeled HDL and declined steeply when HDL
mass was added to the primed infusions. HDL cholesteryl
ether clearance in most of the remaining tissues of the
body ranged from 20 to 50 ml/h per g and fell signifi-
cantly as plasma HDL cholesteryl ester concentrations
were raised by adding HDL mass to the primed infusions.
The brain was the only tissue in which saturable HDL cho-
lesteryl ether clearance could not be detected. To obtain
rates of HDL cholesteryl ester uptake by the extrahepatic

Fig. 1. Rates of HDL cholesteryl ester transport in the adrenal
glands as a function of the steady-state concentration of HDL cho-
lesteryl ester in plasma. Rates of HDL cholesteryl ether clearance
(A) were quantified in vivo as described in Methods. These clear-
ance values were multiplied by the plasma HDL cholesteryl ester
concentration in the same animal to obtain absolute rates of HDL
cholesteryl ester uptake (B). Transport rates were measured in
apoA-I2/2 mice using primed infusions of trace-labeled HDL
(shaded circles) or primed infusions of trace-labeled HDL to which
HDL mass was added to achieve new steady-state plasma concentra-
tions of HDL cholesteryl ester ranging from 25 to 400 mg/dl (open
circles). Transport rates were also measured in apoA-I1/1 mice us-
ing trace-labeled HDL (solid circles). The solid lines represent the
best-fit curves describing the relationship between HDL cholesteryl
ester transport and plasma HDL cholesteryl ester concentrations
that were determined using curve-fitting software as described in
Methods.

Fig. 2. Rates of HDL cholesteryl ester transport in the liver as a
function of the steady-state concentration of HDL cholesteryl ester
in plasma. Rates of HDL cholesteryl ether clearance (A) and HDL
cholesteryl ester uptake (B) were quantified in vivo under the same
conditions as described in the legend to Fig. 1.
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tissues, the clearance rates shown in Fig. 3 were multiplied
by the plasma HDL cholesteryl ester concentration in
each animal. The best-fit curves describing the relation-
ship between HDL cholesteryl ester uptake and plasma
HDL cholesteryl ester concentrations were determined as
described in Methods and are shown in Fig. 4.

The kinetic parameters for HDL cholesteryl ester trans-
port were calculated by subjecting the data illustrated in Figs.
1 and 2 to nonlinear regression analysis using an equation
that takes into account receptor-dependent (saturable) and
receptor-independent (nonsaturable) transport as described
in Methods. The kinetic parameters for receptor-dependent
(Jm, Km) and receptor-independent (P) transport that were
generated by this analysis are shown in Table 1. Saturable re-
ceptor-dependent HDL cholesteryl ester uptake was highest
in the adrenal glands and liver with Jm values of 139 mg/h
per g and 57 mg/h per g, respectively. The Km values for both
tissues equaled 4 mg/dl, which is well below the plasma con-
centration of HDL cholesteryl ester in control mice. With the
exception of the brain, saturable HDL cholesteryl ester trans-
port was detected in all organs although the Jm values were
relatively low when expressed per g of tissue.

Kinetics of HDL apolipoprotein transport
HDL apolipoprotein transport was measured using hu-

man HDL labeled in situ with the nondegradable, intra-
cellularly trapped tracer 125I-labeled tyramine cellobiose.

Fig. 3. Rates of HDL cholesteryl ether clearance in selected tis-
sues as a function of the steady-state concentration of HDL choles-
teryl ester in plasma. Rates of HDL cholesteryl ether clearance were
quantified in apoA-I2/2 mice using primed infusions of trace-
labeled HDL or primed infusions of trace-labeled HDL to which
HDL mass was added to achieve new steady-state plasma concentra-
tions of HDL cholesteryl ester ranging from 25 to 400 mg/dl.

Fig. 4. Concentration dependency of HDL cholesteryl ester up-
take in selected tissues. Each of the clearance rates shown in Fig. 3
was multiplied by the plasma HDL cholesteryl ester concentration
in the same animal to obtain the absolute rate of HDL cholesteryl
ester uptake and these values are plotted as a function of the steady-
state concentration of HDL cholesteryl ester in plasma. These data
were subjected to nonlinear regression analysis as described in
Methods and the solid lines represent the best-fit curves describing
the relationship between HDL cholesteryl ester uptake and plasma
HDL cholesteryl ester concentrations in these tissues.

TABLE 1. Transport parameters for receptor-dependent and
receptor-independent HDL cholesteryl ester uptake

Receptor-dependent Receptor-independent

Tissue Jm Km P

mg/h per g mg/dl mg/h per g per mg/dl

Adrenal glands 139 6 31 4 6 7 0.02 6 0.06
Liver 57 6 6 4 6 1 0.03 6 0.03
Spleen 18 6 10 17 6 12 0.03 6 0.04
Lungs 17 6 9 14 6 39 0.05 6 0.05
Testes 10 6 4 24 6 20 0.01 6 0.01
Heart 7 6 4 20 6 14 0.03 6 0.02
Small bowel 6 6 6 27 6 32 0.06 6 0.03
Kidneys 6 6 2 18 6 19 0.01 6 0.01
Colon 3 6 4 18 6 35 0.02 6 0.04
Stomach 2 6 2 12 6 18 0.02 6 0.03
Skeletal muscle 2 6 1 8 6 18 0.01 6 0.01
Fat 1 6 3 19 6 25 0.01 6 0.02
Brain nd* nd , 0.01

Rates of HDL cholesteryl ester transport were quantified in apoA-
I2/2 mice under conditions in which circulating HDL concentrations
were acutely raised and maintained at various levels during the 4-h ex-
perimental period. Values for tissue HDL cholesteryl ester uptake were
plotted as a function of the concentration of HDL cholesteryl ester in
the same animal. The kinetic parameters for HDL cholesteryl ester
transport (695% confidence intervals) were calculated by fitting these
data to an equation that takes into account both receptor-dependent
(saturable) and receptor-independent (nonsaturable transport as de-
scribed in Methods. *Not detected, In this tissue, the receptor-depen-
dent component was so low that parameter values (Jm, Km) could not
be determined.
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About 75% of the label was in apoA-I and most of the rest
in apoA-II. At the end of each experiment, the lipoprotein
distribution of radiolabeled HDL was determined by
FPLC and no radioactivity was detected in fractions other
than those corresponding to authentic human HDL. Fig-
ure 5 shows HDL apolipoprotein clearance rates in the ad-
renal glands (A) and liver (B) as a function of the steady-
state level of HDL apolipoprotein in plasma during the
4-h infusion period. In apoA-I2/2 mice, HDL apolipopro-
tein clearance by the adrenal glands and liver decreased
significantly when plasma HDL concentrations were
acutely raised by adding HDL mass to the primed infu-
sions of 125I-labeled tyramine cellobiose-labeled HDL. In
both tissues, rates of HDL apolipoprotein clearance were
,50% higher in apoA-I2/2 animals than in apoA-I1/1 ani-
mals when infused with trace amounts of 125I-labeled
tyramine cellobiose-labeled HDL. However, transport
rates were similar in the apoA-I2/2 and apoA-I1/1 mice
when plasma HDL apoprotein levels in apoA-I2/2 mice were
acutely raised to match those of apoA-I1/1 mice by adding
HDL mass to the primed infusions of trace-labeled HDL.

The kinetic parameters for receptor dependent ( Jm, Km)
and receptor independent (P) HDL apolipoprotein trans-
port were calculated as described in Methods. Jm values
for receptor-dependent transport in the adrenal glands
and liver equaled 129 6 209 mg/h per g and 71 6 77 mg/
h per g, respectively; the Km values equaled 365 6 440
mg/dl and 263 6 226 mg/dl, respectively. In the remain-
ing tissues, the saturable component of HDL apolipo-
protein uptake was so low that parameter values could not
be determined.

Tissue distribution of HDL cholesteryl ether and
apolipoprotein transport in apoA-I+/+ mice

The tissue distribution of HDL cholesteryl ether clear-
ance in control C57Bl/6 mice with normal plasma HDL
concentrations is shown in Fig. 6. When expressed per g
of tissue (Fig. 6A), HDL cholesteryl ether clearance rates
were highest in the adrenal glands (211 ml/h per g) and
liver (137 ml/h per g). Intermediate clearance rates (10–
50 ml/h per g) were observed in the organs of the chest
cavity and abdomen. Rates of HDL cholesteryl ether clear-
ance were relatively low in muscle and fat (4 ml/h per g)
and undetectable in brain. When expressed per whole or-
gan (Fig. 6B), the liver was the most important site of
HDL cholesteryl ether clearance accounting for ,72% of
total HDL cholesteryl ether turnover. The tissue distribu-
tion of HDL cholesteryl ester and apolipoprotein trans-
port in apoA-I1/1mice was indistinguishable from that
of apoA-I2/2 mice when plasma HDL concentrations in

Fig. 5. Rates of HDL apoprotein clearance by the adrenal glands
and liver as a function of the plasma HDL apoprotein concentra-
tion. Clearance rates were measured in apoA-I 2/2 mice using
primed infusions of trace-labeled HDL (shaded circles) or primed
infusions of trace-labeled HDL to which HDL mass was added to
achieve new steady-state HDL apolipoprotein concentrations rang-
ing from 100 to 600 mg/dl (open circles). Transport rates were also
measured in apoA-I1/1 mice using trace-labeled HDL (solid cir-
cles). The solid lines represent the best-fit curves describing the re-
lationship between HDL cholesteryl ester transport and plasma
HDL cholesteryl ester concentrations that were determined using
curve-fitting software as described in Methods.

Fig. 6. Tissue distribution of HDL cholesteryl ether and apolipo-
protein transport in apoA-I1/1 mice. Tissue clearance rates are ex-
pressed as the microliters of plasma cleared of HDL cholesteryl
ether or apoprotein per h per g of tissue (A) or per whole organ
per 100 g body weight (B). Each value represents the mean 6 1 SD
for data obtained in 6 animals.
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apoA-I2/2 mice were raised to the same level as those in
apoA-I1/1 mice by adding HDL mass to the primed infu-
sions of trace-labeled HDL (data not shown).

Expression of SR-BI in apoA-I1/1 and apoA-I2/2 mice
The transport studies illustrated in Figs. 1 and 2 suggest

that HDL cholesteryl ester transporter activity is not differ-
ent in the tissues of apoA-I2/2 mice compared to apoA-I1/1

mice. SR-BI is a putative HDL receptor that has been
shown to bind HDL and mediate selective HDL choles-
teryl ester uptake when transfected into cells (11). We
therefore compared SR-BI expression in apoA-I1/1 mice,
apoA-I2/2 mice, and apoA-I2/2 mice whose plasma HDL
cholesterol concentrations had been returned to normal
by the administration of 109 pfu of the recombinant ade-
novirus AdCMV-apoA-I, which carries the cDNA for human
apoA-I. SR-BI protein levels were determined by immuno-
blotting using antiserum raised against the C-terminal 14
amino acids of mouse SR-BI. As illustrated in Fig. 7A, SR-
BI protein levels in the adrenal glands did not differ
among the three experimental groups of mice. In con-
trast, LDL receptor protein levels were markedly up-regu-
lated in the adrenal glands of apoA-I2/2 mice but not in
apoA-I2/2 mice that had normal HDL cholesterol concen-
trations as a result of AdCMV-apoA-I administration (Fig.
7B). As illustrated in Fig. 8, hepatic SR-BI (A) and LDL
receptor (B) protein levels did not differ significantly
among the three experimental groups.

SR-BI mRNA levels were measured in the adrenal

glands, testes, lung, spleen, liver, and small bowel from the
same groups of animals by nuclease protection using a
mouse-specific probe. The results of these studies are sum-
marized in Fig. 9. In apoA-I1/1 mice, mRNA levels for SR-
BI were highest in the adrenal glands but were readily de-
tected in most tissues. When the data from 6 animals per
group were quantified using an isotopic image analysis sys-
tem as described in Methods, SR-BI mRNA levels did not
differ among the three experimental groups (apoA-I1/1

Fig. 7. Immunoblot analysis of SR-BI and LDL receptor protein
in the adrenal glands. Membrane fractions were prepared from the
adrenal glands of apoA-I2/2 mice, apoA-I1/1 mice and apoA-I2/2

mice that had been administered 109 pfu of AdCMV-apoA-I to re-
store HDL levels to normal values. Immunoblot analysis was per-
formed using antibodies raised against the C-terminal 14 amino
acids of mouse SR-BI (A) or bovine LDL receptor (B).

Fig. 8. Immunoblot analysis of SR-BI and LDL receptor protein
in the liver. Immunoblot analysis was performed as described in the
legend to Fig. 7.

Fig. 9. Tissue SR-BI mRNA levels in apoA-I1/1 and apoA-I2/2

mice. RNA was isolated from apoA-I1/1 mice, apoA-I2/2 mice, and
apoA-I2/2 mice that had been administered 109 pfu of AdCMV-
apoA-I. Total RNA (5 mg for the adrenal glands and 40 mg for the
other tissues) was hybridized with 32P-labeled single-stranded cDNA
probes encoding mouse SR-BI and mouse GAPDH. Fragments pro-
tected from mung bean nuclease digestion were separated by dena-
turing polyacrylamide gel electrophoresis and the radioactivity in
each band, corrected for background radioactivity, was quantified
using an isotopic imaging system. Each value represents the mean 6
1 SD for data obtained in 6 animals.
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mice, apoA-I2/2 mice, and apoA-I2/2 mice administered
109 pfu of AdCMV-apoA-I) for any tissue.

DISCUSSION

These studies provide a kinetic analysis of HDL choles-
teryl ester and apolipoprotein transport in the mouse in
vivo. The studies were carried out in apoA-I2/2 mice be-
cause of their low background levels of plasma HDL,
which allowed a more complete description of the rela-
tionship between plasma HDL concentrations and rates
of HDL cholesteryl ester and apolipoprotein transport.
With the exception of the brain, saturable HDL choles-
teryl ester uptake was demonstrated in all organs of the
body, with the adrenal glands and liver exhibiting the
highest Jm values for receptor-dependent uptake when ex-
pressed per g of tissue. When expressed per whole organ,
the liver was the most important site of HDL cholesteryl
ester uptake accounting for ,72% of total HDL choles-
teryl ester turnover at plasma HDL cholesterol concentra-
tions normally seen in control C57Bl/6 mice (,50 mg/
dl). Notably, the Km values for receptor-dependent HDL
cholesteryl ester uptake equaled 4 mg/dl in the adrenal
glands and liver. As a consequence, HDL cholesteryl ester
uptake in these organs is maximal (saturated) at normal
plasma HDL concentrations. This finding is consistent
with previous work demonstrating that HDL cholesteryl
ester transport is largely saturated at normal HDL con-
centrations in the hamster (12) and indicates that an al-
teration in the plasma concentration of HDL will not re-
sult in a change in the absolute flux of HDL cholesteryl
ester to the liver unless transporter activity is regulated or
plasma HDL concentrations are drastically reduced. In
contrast, the Km for LDL cholesterol transport in vivo is
,100 mg/dl (30), which is much higher than the normal
LDL cholesterol concentration in mice (,5 mg/dl) or
hamsters (,25 mg/dl). The marked difference in the ki-
netic characteristics of LDL and HDL transport appears
to be due to the fact that other lipoproteins (apoE-con-
taining) compete with LDL for the LDL receptor in vivo
thereby increasing the apparent Km (31). In contrast, lip-
oproteins other than HDL evidently do not compete for
HDL cholesteryl ester transporters in vivo (12) despite
the fact that SR-BI binds native LDL with high affinity in
transfected cells (32).

Whereas all tissues other than the brain exhibited satu-
rable HDL cholesteryl ester uptake, saturable HDL apolip-
oprotein transport could be demonstrated only in the ad-
renal glands and liver. In these organs the Km values were
much higher for the apolipoprotein than for the choles-
teryl ester moiety. Consequently, at normal plasma HDL
concentrations, the clearance of HDL cholesteryl ether
exceeded the clearance of HDL apolipoproteins by ,10-
fold in the adrenal glands and ,5-fold in the liver.
Whereas previous studies in the hamster demonstrated
saturable HDL apoA-I uptake by the kidney (12), no satu-
rable HDL apolipoprotein transport was observed in
mouse kidney. In tissues other than the kidney, HDL

apoA-I uptake is thought to reflect uptake of the whole
HDL particle. In the kidney, filtration and tubular reab-
sorption of free apoA-I (in equilibrium HDL apoA-I) can
occur (19) and is thought to contribute to the high rate of
renal apoA-I catabolism in the rat (19) and hamster (12).
Additional studies will be required to determine why
mouse kidney lacks saturable HDL apoA-I uptake.

The finding that HDL cholesteryl ester clearance rates
(equivalent to FCR) are highly sensitive to the concentra-
tion of HDL in plasma has implications with respect to the
interpretation of HDL turnover studies in animals and hu-
mans. In apoA-I2/2 mice, the rate of HDL cholesteryl es-
ter clearance by the adrenal glands fell by ,95% when
plasma HDL concentrations were raised to levels normally
seen in control C57Bl/6 mice and by .99% when HDL con-
centrations were raised to supernormal levels. In the liver,
the major site of HDL cholesteryl ester clearance from
plasma, HDL cholesteryl ester clearance rates showed a
similar concentration dependency. These marked changes
in HDL cholesteryl ester clearance occurred under condi-
tions in which HDL cholesteryl ester transporter activity
and SR-BI expression were constant. Numerous HDL
turnover studies have been performed in animal models
or in humans in an attempt to understand the mecha-
nisms underlying changes in the plasma concentration of
HDL. Changes in HDL concentrations have been associ-
ated with changes in the FCR of HDL apoA-I (33–36) or
cholesteryl ester (37) suggesting regulation of a receptor-
dependent clearance mechanism. However, based on the
current studies and previous work in the hamster (12), it
is likely that these changes in FCR largely reflect the ki-
netic characteristics of the transport process rather than
regulation of transporter activity. Because the clearance of
HDL cholesteryl ester is highly sensitive to the plasma
concentration of HDL cholesteryl ester, a change in HDL
cholesteryl ester clearance (or FCR) can be interpreted
only if the relationship between HDL cholesteryl ester
transport and plasma HDL concentrations under control
conditions is known.

We found that HDL cholesteryl ester transporter activ-
ity and SR-BI expression were not altered in the tissues of
apoA-I2/2 mice (which lack normal HDL) compared to
the corresponding tissues of apoA-I1/1 mice. The lack of
induction of SR-BI expression in the adrenal glands was
somewhat surprising. HDL is the major source of choles-
terol for steroid hormone production in this organ and
the absence of normal HDL in apoA-I2/2 mice was associ-
ated with up-regulation of de novo cholesterol synthesis
and induction of LDL receptor expression in the adrenal
glands. These data suggest that SR-BI is not under tight
feedback control by cellular cholesterol levels in the adre-
nal glands. In contrast to the current data, Wang et al.
(38) found that SR-BI mRNA and protein were increased
in the adrenal glands of apoA-I2/2 compared to apoA-I1/1

mice. The reason for these discordant results is not clear
at present. Recent evidence indicates that there are two
isoforms of SR-BI and that the C-terminal 39 amino acids
differ in these two isoforms (39). Our immunoblots were
performed using antibodies raised against the C-terminal
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14 amino acids of SR-BI.1, which is the major form of SR-
BI found in the adrenal gland, whereas Wang et al. (38)
used antibodies that recognized both forms of SR-BI. On
the other hand, both groups used probes that detect both
forms of SR-BI mRNA. More recently, using the nuclease
protection assay and a cDNA probe that differentiates be-
tween SR-BI.1 and SR-BI.2, we have found no difference
in the ratio of the two transcripts in the adrenal glands
from apoA-I1/1 and apoA-I2/2 mice (D. K. Spady, unpub-
lished observation). SR-BI expression is up-regulated by
stress and ACTH in the adrenal glands (23, 38). ApoA-I2/2

animals would presumably be more sensitive than apoA-
I1/1 animals to stress-induced up-regulation of SR-BI. It is
possible that differences in the amount of stress prior to
harvesting of the adrenal glands account for the conflict-
ing results. 

Whereas SR-BI expression in the endocrine organs is
coordinately regulated with steroid hormone production
(23, 39, 40), there is little evidence that HDL cholesteryl
ester transport is regulated in the liver, the major site of
HDL cholesteryl ester clearance from plasma. The ab-
sence of normal plasma HDL in apoA-I2/2 mice did not
lead to up-regulation of HDL cholesteryl ester transporter
activity or SR-BI expression in the liver indicating that SR-
BI expression is not regulated by the amount of HDL
cholesteryl taken up by the liver. In previous studies in
the hamster we found that HDL cholesteryl ester trans-
porter activity and SR-BI expression were not altered in
response to dietary cholesterol in amounts that increased
hepatic cholesteryl ester levels 10-fold (41). Thus, HDL
cholesteryl ester transport and SR-BI expression in the
liver appear not to be regulated by cellular cholesterol
levels.

The current studies were performed using human
HDL. The limited availability of mouse HDL precluded
the performance of kinetic studies using homologous
HDL. However, the observation that HDL cholesteryl
ether clearance rates in apoA-I1/1 mice were similar to
those in apoA-I2/2 mice infused with sufficient human
HDL mass to raise plasma HDL cholesterol concentra-
tions to the same level indicates that mouse and human
HDL compete equally well for the HDL cholesteryl ester
transport mechanism. In addition, the unfractionated hu-
man HDL (d 1.07–1.21 g/ml) used in these studies is
clearly not homogenous but rather contains a spectrum of
particles differing in size, density and apoprotein compo-
sition. HDL can be separated into two major subclasses
(HDL2 and HDL3) by ultracentrifugation and into 12 dis-
tinct subfractions using two-dimensional electrophoresis
(42). The physiological relevance of these HDL subfrac-
tions is unclear at present and there is little evidence that
specific HDL subfractions are a better predictor of coro-
nary heart disease than total HDL (43, 44). Nevertheless,
in the future it will be of interest to examine the transport
kinetics of specific HDL subfractions, beginning with
HDL2 and HDL3. The apoA-I2/2 mouse with its very low
background level of HDL will be an ideal model to deter-
mine whether individual HDL subfractions are trans-
ported differently in vivo.
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