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Abstract Patients homozygous for Tangier disease have a
near absence of plasma HDL as a result of mutations in

 

ABCA1

 

 and hypercatabolize normal HDL particles. To de-
termine the relationship between ABCA1 expression and HDL
catabolism, we investigated intravascular remodeling, plasma
clearance, and organ-specific uptake of HDL in mice express-
ing the human apolipoprotein A-I (apoA-I) transgene in the

 

Abca1

 

 knockout background. Small HDL particles (7.5 nm),
radiolabeled with 

 

125

 

I-tyramine cellobiose, were injected into
recipient mice to quantify plasma turnover and the organ
uptake of tracer. Small HDL tracer was remodeled to 8.2 nm
diameter particles within 5 min in human apolipoprotein A-I
transgenic (

 

hA-I

 

Tg

 

) mice (control) and knockout mice. Decay
of tracer from plasma was 1.6-fold more rapid in knockout
mice (

 

P

 

 

 

�

 

 0.05) and kidney uptake was twice that of controls,
with no difference in liver uptake. We also observed 2-fold
greater hepatic expression of ABCA1 protein in 

 

hA-I

 

Tg

 

 mice
compared with nontransgenic mice, suggesting that overex-
pression of human apoA-I stabilized hepatic ABCA1 protein
in vivo.  We conclude that ABCA1 is not required for in vivo
remodeling of small HDLs to larger HDL subfractions and
that the hypercatabolism of normal HDL particles in knock-
out mice is attributable to a selective catabolism of HDL
apoA-I by the kidney.

 

—Lee, J-Y., J. M. Timmins, A. Mulya, T. L.
Smith, Y. Zhu, E. M. Rubin, J. W. Chisholm, P. L. Colvin, and
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HDLs are the smallest of the plasma lipoprotein classes
and contain as their major protein apolipoprotein A-I

 

(apoA-I) (1). HDLs exhibit heterogeneity that can be dem-
onstrated by density ultracentrifugation (2), size (3), mo-
bility in an electrophoretic field (4), and apolipoprotein
content (5). Interest in HDL metabolism is stimulated by
the well-documented inverse correlation between plasma
HDL cholesterol concentrations and coronary heart dis-
ease (6–8). Although several possible mechanisms for the
atheroprotective effect of HDL have been proposed, most
attention has been focused on the role of HDL in reverse
cholesterol transport (RCT) as a mechanism for the move-
ment of excess cholesterol mass from arterial foam cells
back to the liver for secretion into bile (9).

The first step of the RCT pathway involves ABCA1-medi-
ated transport of free cholesterol (FC) and phospholipid
(PL) from cells to lipid-free or lipid-poor apoA-I, resulting
in a nascent HDL particle that exhibits pre-

 

�

 

 mobility on
agarose gels (pre-

 

�

 

 HDL) (10). More PL is added to the
pre-

 

�

 

 particle by phospholipid transfer protein (PLTP),
and the FC is esterified to cholesteryl ester (CE) by LCAT,
transforming a disc-shaped nascent HDL particle into an

 

�

 

-migrating spherical plasma HDL particle (11). Plasma
HDL particles are also substrates for RCT and receive ad-
ditional lipid through ABCG1-mediated cellular FC and PL
efflux (12). The constant esterification of FC to CE also
maintains a concentration gradient between cells and HDL
particles for passive efflux of FC by aqueous diffusion (13).

 

Abbreviations: apoA-I, apolipoprotein A-I; CE, cholesteryl ester; EC,
esterified cholesterol; FC, free cholesterol; FCR, fractional catabolic rate;
FPLC, fast-protein liquid chromatography; 

 

hA-I

 

Tg

 

, human apolipopro-
tein A-I transgenic; PL, phospholipid; PLTP, phospholipid transfer pro-
tein; RCT, reverse cholesterol transport; SR-BI, scavenger receptor class
B type I; TC, tyramine cellobiose; WHAM, Wisconsin Hypoalpha Mu-
tant.
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The addition and esterification of FC to HDL results in
larger HDL subfractions that can be separated on nonde-
naturing gradient gels into small, medium, and large
HDL particles that contain two, three, and four molecules
of apoA-I per particle, respectively (14). These spherical
HDL particles can deliver their CE content to the liver by
whole particle uptake or by selective removal by scavenger
receptor class B type I (SR-BI), which completes the RCT
pathway (15). The available evidence suggests that the me-
tabolism of HDL subfractions is intimately and intricately
linked to the RCT pathway; therefore, a better understand-
ing of HDL subfraction formation and catabolism will en-
hance our knowledge of RCT.

Tangier disease is a genetic disorder in which cells fail
to assemble FC, PL, and apoA-I into nascent HDL parti-
cles as a result of mutations that inactivate 

 

ABCA1

 

, result-
ing in a near absence of mature HDL particles in plasma
and the accumulation of CE in macrophages in multiple
tissues (16–19). Although much attention on the patho-
genesis of Tangier disease has focused on the impairment
of HDL biosynthesis caused by the absence of ABCA1, there
is compelling evidence that the catabolism of plasma HDL
particles is also affected. Radiolabeled plasma HDL tracer
derived from unaffected individuals is catabolized faster
in homozygous and heterozygous Tangier subjects com-
pared with normal controls (20, 21). The hypercatabolism
might not be explained by a chronic decrease in HDL pool
size, because acute repletion of the HDL pool by acute in-
fusion of HDL to bring the plasma HDL concentration to
a normal range did not ameliorate the hypercatabolism of
HDL particles (22). One possible explanation for the in-
creased HDL catabolism in Tangier subjects is that spheri-
cal plasma HDL particles fail to obtain lipid by ABCA1-
mediated efflux, resulting in smaller particle size and
more rapid catabolism (23), although this hypothesis alone
would not account for the increased catabolism observed
when mature, large HDL particles are infused in subjects
with Tangier disease. However, in support of this hypothe-
sis, heterozygous Tangier subjects have HDL concentra-
tions that are 50% of normal, but the decrease in concen-
tration is selective for the largest 

 

�

 

-migrating subfractions
(23, 24). Overexpression of ABCA1 in mice results in in-
creases in HDL size as well as HDL concentration (25–
27). One possible interpretation of these data is the direct
input of FC and PL into large HDL particles by ABCA1.
However, data supporting a role for ABCA1 in exporting
cellular lipid to HDL particles are conflicting; studies us-
ing cells transfected with 

 

ABCA1

 

 have shown minimal lipid
efflux to plasma HDL (28), whereas fibroblasts from Tan-
gier patients have diminished lipid efflux to HDL compared
with fibroblasts from unaffected relatives (29, 30). In a ho-
mozygous Tangier patient, the larger HDL subfractions
(HDL

 

2b

 

 and HDL

 

2a

 

) disappeared from plasma faster after
HDL infusion than did the smaller HDL particles (HDL

 

3

 

)
(22). These data together suggest a role for ABCA1 in HDL
subfraction catabolism in vivo that is not well understood.

The purpose of the present study was to determine the
relationship between ABCA1 expression and in vivo HDL
catabolism, including intravascular remodeling, plasma

clearance, and tissue uptake of HDL. We performed our
study using mice with zero, one, or two active 

 

Abca1

 

 alleles
and expressing the human apoA-I transgene, which is nec-
essary for mice to exhibit plasma HDL size heterogeneity
similar to that observed in humans (31, 32). Human apo-
lipoprotein A-I transgenic (

 

hA-I

 

Tg

 

) mice have been used
previously to study HDL subfraction metabolism (33). The
results show that ABCA1 is not necessary for the remodel-
ing of small HDLs to larger HDL particles, but PLTP and
HL are, and that plasma HDL particles are hypercatabo-
lized selectively by the kidney, but not the liver, in 

 

Abca1

 

�

 

/

 

�

 

mice compared with wild-type controls.

EXPERIMENTAL PROCEDURES

 

Generation of 

 

Abca1

 

�

 

/

 

�

 

 

 

mice

 

A 1.65 kb PCR-generated fragment containing 

 

Abca1

 

 exon 16
(short arm) was inserted between the PGK terminator of the
PGKNeo cassette and the double PGKtk cassettes of pPN2T (34)
at 

 

Eco

 

RI and 

 

Bam

 

HI sites. A 12 kb fragment from intron 22 to
exon 30 (long arm) was generated using the TaqPlus Long PCR
System (Stratagene, La Jolla, CA) and then inserted on the PGK
promoter side of the PGKNeo cassette at blunted 

 

Xho

 

I and 

 

Not

 

I sites
to generate the final targeting vector pAbc1SALA. The composi-
tion of the knockout vector is shown in 

 

Fig. 1A

 

.
Embryonic stem cells (ESVJ ES) from Genome Systems (St.

Louis, MO) were electroporated by the 

 

Not

 

I linearized targeting
vector pAbc1SALA and screened by sequential selection with G418
and fialuridine. Embryonic stem cell colonies were screened for
the targeting event by PCR using a forward primer (I15.fwd, 5

 

�

 

-
CAAATCCCTGACCAGGACAT-3

 

�

 

) lying in intron 15, 83 bp 5

 

�

 

 of
the 1.65 kb region of homology, and a reverse primer (N1, 5

 

�

 

-GCC-
TTCTTGACGAGTTCTTCTG-3

 

�

 

) located within the PGKNeo cas-
sette. Targeting in PCR-positive clones was confirmed by South-
ern blot analysis (

 

Bam

 

HI-digested genomic DNA) with probe
I14, a 381 bp fragment generated from intron 14. Primers for
probe I14 were I14.fwd (5

 

�

 

-GCCTGGTTCAGTGTCCACAG-3

 

�

 

)
and I14.rev (5

 

�

 

-TGATGAGGACATGAAGCCCAT-3

 

�

 

). Genomic
DNA bands from the wild-type allele and the deletion allele were
6,648 and 2,922 bp, respectively. Correctly targeted embryonic
stem cell clones were used to generate chimeric mice using stan-
dard procedures (35). Chimeric males were bred with C57BL/6J
animals (Charles River Laboratories, Wilmington, MA) to create
mice heterozygous for the targeted allele on the 129Sv/C57 mixed
background. These heterozygotes were intercrossed to produce
the wild-type, heterozygote, and homozygote littermates. Geno-
typing of mice was performed by PCR using the following prim-
ers: I16.fwd, 5

 

�

 

-GGAGTTGTTGGAAAGCTGTGG-3

 

�

 

 (located in
intron 16 of the 1.65 kb region of homology); I17.rev, 5

 

�

 

-GAGC-
CAGATAGGGTTCCCTTAA-3

 

�

 

 (located in intron 17 within the
5.7 kb region deleted by the targeting event); and N1 primer
(see above). The size of the PCR product from I16.fwd/I17.rev
was 503 bp for the wild type, and that from I16.fwd/N1 was 618
bp for the deleted allele.

 

Abca1

 

 knockout mice were crossed with 

 

hA-I

 

Tg 

 

mice (line 427)
from Charles River Laboratories to generate 

 

hA-I

 

Tg

 

 Abca1

 

�

 

/

 

�

 

 (wild
type), 

 

hA-I

 

Tg

 

 Abca1

 

�

 

/

 

�

 

 (heterozygous), and 

 

hA-I

 

Tg

 

 Abca1

 

�

 

/

 

�

 

 (ho-
mozygous) mice. The mice were housed in the Wake Forest Uni-
versity School of Medicine transgenic facility and maintained on
a chow diet. All protocols and procedures were approved by the
Animal Care and Use Committee of the Wake Forest University
School of Medicine.
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Plasma lipid, lipoprotein, and apolipoprotein analyses

 

Plasma total cholesterol, FC, and PL concentrations were de-
termined by enzymatic analysis (Wako Chemicals) (36). Esterified
cholesterol (EC) concentration was calculated by subtracting FC
from total cholesterol concentration. HDL cholesterol was mea-
sured by enzymatic assay in the supernatant of plasma after pre-
cipitation of apoB-containing lipoproteins with heparin-manga-
nese. Plasma human or mouse apoA-I concentrations in plasma
were quantified by ELISA using monospecific antiserum to mon-
key or antibody to mouse apoA-I (Biodesign, Saco, MA), respec-
tively (37). The assays were standardized with purified human or
mouse apoA-I.

Plasma lipoprotein distribution was determined by fast-protein
liquid chromatography (FPLC). Pooled mouse plasma (100 

 

�

 

l)
from each genotype of mice was applied to two Superose 6 (1 

 

�

 

30 cm) columns in series, and total cholesterol concentration in
100 

 

�

 

l of each fraction was measured by enzymatic assay to ob-
tain the lipoprotein elution profile.

Two-dimensional gel electrophoresis was also performed to sep-
arate plasma lipoproteins by charge and size. In the first dimension,
1 

 

�

 

l of plasma was separated on 0.5% agarose gels (Paragon Lipo
gels; Beckman Coulter, Fullerton, CA) at 100 V for 1 h. Each lane of
the agarose gel was cut and laid on top of a 4–30% nondenaturing
gradient gel (38) for second dimensional electrophoresis at 1,400

V/h at 10

 

	

 

C. Lipoproteins were then transferred to polyvinylidene
difluoride membranes (Millipore), and human apoA-I distribution
was determined by immunoblot analysis using goat anti-human
apoA-I antibody (Biodesign) and 

 

125

 

I-radiolabeled anti-goat IgG
for visualization of human apoA-I by PhosphorImager analysis.

 

Plasma LCAT, PLTP, and HL activities

 

Exogenous LCAT activity in plasma was determined as described
previously (39). Recombinant HDL particles containing 1-palmi-
toyl-2-oleoyl-

 

sn

 

-glycero-3-phosphocholine, [

 

3

 

H]cholesterol, and
human apoA-I were synthesized using a cholate dialysis method
and used as substrates to measure plasma LCAT activity (40).
Five microliters of plasma were incubated with a saturating sub-
strate concentration of recombinant HDL cholesterol (3 

 

�

 

M) for
2 h at 37

 

	

 

C, after which conversion of radiolabeled FC to EC was
determined (39).

PLTP activity was measured with a commercially available fluo-
rescent assay kit (Cardiovascular Target, New York, NY) accord-
ing to the manufacturer’s instructions. Three microliters of
plasma were incubated with donor and acceptor liposomes for 15
min at 37

 

	

 

C, and the florescence intensity increase, indicative of
the transfer of quenched fluorescent PL in donor liposomes to
acceptor liposomes, was measured at an excitation wavelength of
465 nm and an emission wavelength of 535 nm.

Fig. 1. Gene-targeting strategy for the mouse AbcA1 gene. A: Strategy for disruption of the mouse Abca1 gene. The map of the endogenous
mouse Abca1 gene is shown in the top panel. The targeting vector pAbc1SALA (middle panel) was designed to delete exons 17–22, which
encode the first nucleotide binding domain (NBD1). The bottom panel represents the targeted allele after homologous recombination, in
which the PGKNeo gene has replaced exons 17–22 of the mouse Abca1 gene. B: Southern blot analysis of the targeting event. Embryonic
stem (ES) cells were subjected to Southern blot analysis to screen the targeted embryonic stem cells. Positive clones (clones 1–5) have
BamHI-digested genomic DNA bands at 6.6 and 2.9 kb from wild-type and targeted alleles, respectively, and wild-type (WT) embryonic stem
cells have a single band at 6.6 kb.
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HL activity in plasma was determined using Triton X-100-stabi-
lized triolein as substrate (41). Thirty microcuries of glycerol
tri[9,10(n)-

 

3

 

H]oleate (10–30 Ci/mmol; Amersham) and 230 

 

�

 

l
of unlabeled triolein (200 mg/ml in CHCl

 

3

 

) were dried under
N

 

2

 

, and subsequently, 1.13 ml of 1 M Tris-HCl (pH 8.6), 0.95 ml
of 1% Triton X-100, and 5 ml of water were added to the dried
substrate. After four 1 min sonication periods, punctuated with 1
min incubations on ice, 1.18 ml of 20% fatty acid free-BSA (in
TBS, pH 8), 0.29 ml of 4 M NaCl, and 3 ml of water were added,
and the final substrate solution was mixed well. Plasma HL activ-
ity was measured by incubating 20 

 

�

 

l of plasma (source of en-
zyme), 265 

 

�

 

l of substrate, and 95 

 

�

 

l of 4 M NaCl (to inhibit lipo-
protein lipase activity) for 30 min at 37

 

	

 

C. The reactions were
stopped by adding 3.25 ml of CHCl

 

3

 

/methanol/heptane (1.37:
1.28:1). Then, 1 ml of K

 

2

 

CO

 

3

 

 (adjusted to pH 10.5 with saturated
boric acid) was added to the stopped reaction, the phases were
separated by centrifugation at 1,500 

 

g

 

 for 20 min, and free fatty
acid released was determined by 

 

3

 

H radiolabel quantification in
1 ml of the aqueous phase.

 

Membrane isolation and Western blot analysis of ABCA1 
in the liver

 

Mouse liver samples (

 

�

 

500 mg) were homogenized with a Teflon
homogenizer in isolation buffer (250 mM sucrose and 10 mM trieth-
anolamine HCl, pH 7.6) containing protease inhibitors (0.1 mM
PMSF in 95% ethanol, 10 

 

�

 

g/ml pepstatin, 10 

 

�

 

g/ml leupeptin, and
10 

 

�

 

g/ml aprotinin) for a final concentration of 10% (w/v). Ho-
mogenized tissues were centrifuged for 10 min at 3,300 

 

g

 

 at 4

 

	

 

C to
pellet cell debris and nuclei. The supernatant was recovered and
centrifuged again for 20 min at 27,000 g at 4	C, and the recovered
pellet was washed two times by resuspension in the original volume
of isolation buffer followed by centrifugation for 20 min at 27,000 g at
4	C. After the final resuspension of pellet in isolation buffer, protein
concentration was determined using the Protein BCA Assay (Pierce).

Western blot analysis was performed with 100 �g of isolated liver
membrane protein. Samples were incubated at 37	C for 30 min in
SDS-PAGE sample buffer and subjected to 4–16% SDS-PAGE. Pro-
teins were transferred to nitrocellulose membranes (Schleicher and
Schuell), and immunodetection was performed for ABCA1 using a
polyclonal antibody, raised to a 24-mer peptide of the C-terminal
region of mouse ABCA1, or for �-actin (Sigma) as a load control.

ABCA1 and �-actin signals were visualized using 125I-radiola-
beled secondary antibody and quantified by PhosphorImager
analysis. ABCA1 protein expression was normalized to �-actin for
each sample.

Isolation and iodination of small HDLs
HDL particles were isolated from hA-ITg mouse plasma using

anti-human apoA-I immunoaffinity chromatography to avoid the
potential for HDL subfraction modification induced by ultracen-
trifugation (42–44) and radiolabeled with 125I-labeled tyramine
cellobiose (TC) as described previously (33). Subsequently, 125I-
TC-radiolabeled HDL particles were fractionated by size-exclu-
sion chromatography using three Superdex 200 HR FPLC col-
umns (Amersham Biosciences) in series, after which individual
fractions were run on a 4–30% nondenaturing gradient gel at
1,400 V/h at 10	C, and the gels were developed using Phosphor-
Imager analysis (33). Fractions were pooled to give homoge-
nous small (7.2–8.2 nm diameter) HDL particles. Small HDL
tracer particles were characterized as described previously (33).
The specific activity of the tracers ranged from 38 to 450 cpm/ng
protein, and TCA-precipitable radioactivity was 
98%.

In vivo kinetic study
In vivo kinetic study was performed with 125I-radiolabeled small

HDL particles as described previously (33). Briefly, 1.5–3.0 � 105

cpm of the radiolabeled tracer was injected into the jugular vein
of anesthetized recipient hA-ITg ABCA1�/�, hA-ITg ABCA1�/�,
and hA-ITg ABCA1�/� mice. Blood samples were obtained by
retro-orbital bleeding at 5, 10, 20, and 30 min and at 1, 2, 3, 5, 8,
and 24 h after dose injection. Aliquots of plasma from the vari-
ous time points were fractionated on 4–30% nondenaturing gra-
dient gels at 1,400 V/h at 10	C to determine the fractional distri-
bution of apoA-I radioactivity. After electrophoresis, gels were
exposed in a PhosphorImager cassette and the images were de-
veloped and quantified using a Typhoon 8600 (Molecular Dy-
namics, Sunnyvale, CA) and ImageQuant software (version 5.2).
In the analysis, regions corresponding to pre-� (�7.2 nm), small
(7.2–8.2 nm), and medium (8.2–10.4 nm) HDLs were quanti-
fied. Twenty-four hours after dose injection, animals were killed,
tissues were harvested and digested with 1 N NaOH overnight at
60	C, and an aliquot of the digest was taken for 125I radiolabel
quantification. The fractional catabolic rate (FCR) values for
HDL tracer decay from whole plasma and uptake by tissues were
determined using SAAM (Simulation, Analysis, and Modeling)
software as described previously (33).

In vitro incubation study
Plasma samples (20 �l) obtained from hA-ITg ABCA1�/�, hA-ITg

ABCA1�/�, hA-ITg HL�/�, PLTP�/�, PLTP�/�, LCAT�/�, and
LCAT�/� mice were incubated with 125I-TC-radiolabeled small
HDLs (20,000 cpm) at 37	C for 5 or 60 min. Subsequently, plasma
samples were subjected to 4–30% nondenaturing gradient gel
electrophoretic separation and PhosphorImager analysis.

For the chemical inhibition study, plasma samples from hA-ITg

ABCA1�/� and hA-ITg ABCA1�/� mice were preincubated in the
absence or presence of DTNB (5 mM final concentration) or PMSF
(10 mM final concentration) at 37	C for 30 min to inhibit LCAT
or HL, respectively. After the 30 min incubation, 125I-TC-radiola-
beled small HDL particles were added to plasma and subsequently
incubated at 37	C for 5 and 60 min, after which the plasma sam-
ples were analyzed as described above. To quantify the degree of
inhibition of LCAT and HL, plasma samples preincubated with
and without either inhibitor were assayed for LCAT and HL ac-
tivities, as described above.

Statistical analysis
The results are expressed as means � SD. Differences among

the genotypes of mice were analyzed using one-way ANOVA, fol-
lowed by Tukey’s multiple comparison test to identify individual
differences. All statistical analyses were performed using the In-
Stat program (GraphPad Software, Inc., San Diego, CA).

RESULTS

Plasma lipid and lipoprotein analysis of hA-ITg Abca1 
knockout mice

Elimination of ABCA1 function was accomplished by
targeted deletion of exons 17–22, which encode the first
nucleotide binding domain of ABCA1 (Fig. 1A). Embry-
onic stem cells were electroporated with the linearized tar-
geting construct, and those that survived positive and neg-
ative selection were verified as correctly targeted by Southern
blot analysis (2.9 kb band in clones 1–5; Fig. 1B). Abca1
knockout mice and littermate controls were generated
and crossed with hA-ITg mice to generate the mice used for
this study.

Table 1 shows a summary of plasma measurements
made on the mice. Compared with hA-ITg ABCA1�/�
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mice, plasma total cholesterol, FC, EC, HDL cholesterol,
and PL concentrations were significantly lower in hA-ITg

ABCA1�/� mice, and all values in hA-ITg ABCA1�/� mice
were intermediate, indicating a gene-dosage-related re-
sponse. The gene-dosage-related trends for plasma lipid
and apoA-I concentrations were similar to those observed
for other Abca1 knockout mice (45, 46), except that our
values were higher for each Abca1 genotype. This result
demonstrates that low HDL concentrations that result
from inactive ABCA1 can be compensated to some degree
by transgenic overexpression of human apoA-I. For in-
stance, HDL cholesterol concentrations ranged from 41
to 57 mg/dl in Abca1�/� mice in the absence of hA-ITg

overexpression (45, 46) but were 104 mg/dl in mice ex-
pressing the human transgene. In addition, HDL choles-
terol and plasma FC and EC concentrations in heterozy-
gotes were 50–60% of wild-type values, as anticipated, but
PL and human apoA-I concentrations were 75–84% of
normal, suggesting partial compensation of plasma PL
and apoA-I concentrations for the loss of one active Abca1
allele by transgenic overexpression of human apoA-I.

We determined the activity of several proteins known to
be important in the remodeling and metabolism of HDL
subfractions. Plasma LCAT activity in hA-ITg ABCA1�/�

mice was half that of wild-type or heterozygous knockout
mice (Table 1), consistent with the finding that a Tangier
patient had lower than normal LCAT activity (47). Like-
wise, similar activities for HL and PLTP were observed for
wild-type and heterozygous knockout mice, but significantly
lower activity was observed for both proteins in hA-ITg

ABCA1�/� mice; this was particularly apparent for PLTP
activity, which was 9% of that measured in hA-ITg wild-type
mice.

Plasma samples from each genotype of mice were fur-
ther analyzed by FPLC and two-dimensional gel electropho-
resis. Consistent with the results obtained by measurement
of plasma HDL cholesterol concentration by heparin-
manganese precipitation, FPLC analysis confirmed re-
duced HDL cholesterol in heterozygous knockout mice
and nearly absent HDL cholesterol in hA-ITg ABCA1�/�

mice (Fig. 2A). In addition, the HDL cholesterol elution
profile of hA-ITg ABCA1�/� mice was shifted to longer elu-
tion times, suggesting small average HDL particle size in
these animals (Fig. 2A). Two-dimensional gel electro-
phoresis of plasma followed by immunoblot analysis with

anti-human apoA-I antibody was used to observe HDL par-
ticle size and charge heterogeneity. Nontransgenic mice
have a single, apparently homogeneous HDL particle �10
nm in diameter; however, overexpression of hA-ITg re-
sulted in heterogeneous subfractions of HDL similar to
those observed in human plasma (31, 32). Using this sys-
tem, we found qualitatively similar patterns of HDL sub-
fractions in our wild-type and heterozygous knockout mice,
with a suggestion of a slight reduction in the amount of
small HDL particles (7.2–8.2 nm) in the heterozygotes
(Fig. 2B). Note that the amount of apoA-I distributed in
medium (8.2–10.4 nm) and large (10.4–12.2 nm) HDL
particles of hA-ITg ABCA1�/� mice was only slightly less
than that of hA-ITg mice, suggesting that hA-ITg ABCA1�/�

mice have fewer large and medium HDL particles in
plasma, at least based on cholesterol content (Fig. 2A),
that are enriched in apoA-I relative to the small HDL par-
ticles (Fig. 2B). Finally, under our experimental condi-
tions, we could not detect any human apoA-I in the
plasma of hA-ITg ABCA1�/� mice.

Hepatic ABCA1 protein expression in hA-ITg mice
One of the intriguing findings in the plasma lipid mea-

surements was a lower HDL cholesterol concentration in
heterozygous compared with wild-type mice, with little
change in plasma apoA-I concentrations (Table 1). Re-
sults from in vitro studies have shown that interaction of
apoA-I with ABCA1 stabilizes ABCA1 protein, protecting it
from degradation by calpain protease (48, 49). However,
this has never been demonstrated in vivo. On the basis of
the in vitro data and our higher than expected apoA-I
concentrations in the plasma of heterozygous knockout
mice, we explored the possibility that transgenic overex-
pression of human apoA-I may stabilize ABCA1 protein,
resulting in increased ABCA1 protein expression and
maintenance of plasma apoA-I levels. Because hepatic
ABCA1 has been shown to be responsible for maintaining
80% of the plasma HDL pool in chow-fed mice (50), we
explored this hypothesis by analyzing hepatic ABCA1 pro-
tein expression in wild-type and ABCA1�/� mice with and
without hA-ITg expression. Western blot analysis of hepatic
membranes from hA-ITg mice demonstrated a 2-fold in-
crease in ABCA1 protein expression (hA-ITg ABCA1�/� �
1.06 � 0.51) compared with nontransgenic controls
(ABCA1�/� � 0.45 � 0.16; Fig. 3). As expected, hepatic

TABLE 1. Plasma measurements of hA-ITg Abca1 knockout mice

Genotype
Total Plasma
Cholesterol

HDL 
Cholesterol

Free
Cholesterol 

Esterified 
Cholesterol Phospholipid hApoA-I mApoA-I LCAT HL

Phospholipid
Transfer Protein

mg/dl

hA-ITg

Abca1�/�
210 � 55a

(21)
189 � 29a

(5)
83 � 22a

(11)
121 � 37a

(11)
426 � 47a

(10)
296 � 84a

(12)
26 � 9a

(4)
54 � 4a

(7)
9 � 0.5a

(5)
10,238 � 4,139a

(10)
hA-ITg

Abca1�/�
130 � 43b

(20)
104 � 27b

(4)
52 � 30b

(13)
62 � 16b

(13)
319 � 68b

(9)
248 � 127a

(13)
17 � 15ab

(5)
50 � 6a

(7)
8 � 2a

(5)
11,856 � 6,279a

(9)
hA-ITg

Abca1�/�
35 � 20c

(16)
28 � 13c

(3)
7 � 9c

(7)
23 � 13c

(7)
100 � 32c

(9)
5 � 5b

(3)
0.6 � 0.1b

(3)
30 � 14b

(7)
5 � 0.3b

(5)
917 � 853b

(8)

hA-ITg, human apolipoprotein A-I transgenic; hApoA-I, human apolipoprotein A-I; mApoA-I, mouse apoA-I. Data represent means � SD. Number
of mice is given in parentheses. Values in each column with different superscript letters are significantly different from each other at P � 0.05. Activ-
ity units are as follows: nmol cholesteryl ester formed/h/ml plasma for LCAT, �mol FA released/h/ml plasma for HL, and arbitrary units for PLTP.
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ABCA1 protein expression in Abca1�/� mice was half that
of wild-type mice (0.25 � 0.09 vs. 0.45 � 0.16, respectively).
Surprisingly, overexpression of hA-ITg had no effect on
ABCA1 protein expression in mice heterozygous for the
Abca1 gene (0.26 � 0.22 vs. 0.25 � 0.09), suggesting that
the stabilization of hepatic ABCA1 protein by overexpres-
sion of human apoA-I requires two active alleles of the Abca1
gene. Hepatic mRNA for Abca1 was similar among the
four genotypes of mice (data not shown), suggesting that
differences in Abca1 gene transcription could not account
for the observed difference in hepatic ABCA1 protein.

Plasma turnover and tissue uptake of small HDL
tracer particles

To perform an in vivo kinetic study, homogenous small
HDL particles were isolated using anti-human apoA-I im-

munoaffinity and size-exclusion chromatography to pre-
vent structural alterations in HDL particles induced by
ultracentrifugation (42–44) and were radiolabeled with 125I-
TC. The small HDL tracer particles were relatively homog-
enous in size (7.2–7.7 nm diameter; Fig. 4A), and 
85%
of the radiolabel was associated with monomeric apoA-I
(28 kDa), determined by PhosphorImager analysis of SDS
4–16% gradient polyacrylamide gels (Fig. 4B). The bands
larger than 67 kDa in Fig. 4B were immunoreactive with
antibody against human apoA-I, suggesting that they may
be oligomers of apoA-I formed during the TC radiolabel-
ing of HDL particles.

125I-TC-radiolabeled small HDL tracer was injected into
recipient mice, and the turnover of the tracer in plasma
was monitored for 24 h before the animals were killed and
tissues were harvested. The injected mass of apoA-I in the
HDL tracer was �7% of the plasma apoA-I pool for all re-
cipient mice. Whole plasma die-away of small HDL tracer
was significantly faster in hA-ITg Abca1�/� recipient mice
(3.84 � 0.64 pools/day) compared with wild-type mice
(2.35 � 0.35 pools/day) and heterozygous knockout re-

Fig. 2. Plasma lipoprotein analysis of human apolipoprotein A-I
transgenic (hA-ITg) Abca1 knockout mice. A: Fast-protein liquid chro-
matography (FPLC) cholesterol elution profile of plasma from
chow-fed mice of the indicated genotype. One hundred microliters
of pooled mouse plasma were fractionated by FPLC, and the cho-
lesterol concentration of each fraction was determined by enzy-
matic assay. B: Western blot analysis for human apolipoprotein A-I
(apoA-I) in plasma. One microliter of mouse plasma from each in-
dicated genotype was separated on a 0.5% agarose gel (first dimen-
sion; 1D) and subsequently by 4–30% nondenaturing gradient gel
electrophoresis (second dimension; 2D). After two-dimensional gel
electrophoresis, the proteins were transferred to nitrocellulose and
the blot was incubated with anti-human apoA-I antiserum. The blot
was visualized using 125I-radiolabeled secondary antibody and Phos-
phorImager analysis.

Fig. 3. Effect of hA-ITg expression on hepatic ABCA1 protein in
wild-type and heterozygous Abca1 knockout mice. A: Liver mem-
branes were isolated from mice of the indicated genotypes, and
proteins were fractionated by SDS-PAGE. After electrophoretic
transfer of the proteins to nitrocellulose, the blot was probed with
anti-human ABCA1 antiserum or with anti-mouse �-actin anti-
serum. The blot was developed with a 125I-radiolabeled secondary
antibody and PhosphorImager analysis. PhosphorImager results for
five to six individual mice of each genotype are shown; liver mem-
brane protein from an Abca1�/� mouse is also shown as a negative
control (far right lane). B: The PhosphorImager results are quanti-
fied as the ratio of ABCA1/�-actin (means � SD). Values with un-
like letters are significantly different by ANOVA (P � 0.001) and
Tukey’s posthoc analysis. Using an unpaired t-test, ABCA1 protein
expression was significantly different (P � 0.04) for liver mem-
branes from Abca1�/� versus Abca1�/� mice.
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cipient mice (2.09 � 0.31 pools/day) (Fig. 4C, Table 2,
whole plasma). Twenty-four hours after tracer injection,
90% of the recovered radioactivity was in the liver and kid-
neys (data not shown). Liver uptake of small HDL tracer
was nearly 3-fold greater in wild-type mice compared with
kidney uptake (Fig. 4D). However, tracer uptake by the
liver was similar among the three genotypes of mice, sug-
gesting that the absence of ABCA1 did not alter the catab-
olism of HDL apoA-I by the liver. In contrast, kidney up-
take by hA-ITg Abca1�/� recipient mice was 2-fold (P �
0.001) greater than that in wild-type and heterozygous
knockout mice. The liver FCR of the tracer, which is calcu-
lated as the product of plasma FCR and liver uptake of
tracer, was 40% higher (P � 0.05) in the homozygous
knockout mice compared with wild-type and heterozygous
mice as a result of the higher plasma FCR in the former.
Together, these results suggest that the higher uptake of
HDL tracer by the kidney in hA-ITg Abca1�/� mice was not

the result of increased nonspecific uptake by all tissues
caused by the very low HDL pool size in these recipient
mice (Table 1), because liver uptake was higher than kid-
ney uptake and not different among genotypes.

In vivo remodeling of small HDL tracer particles in hA-ITg 
Abca1 knockout mice

Plasma samples taken during the 24 h turnover study
were subjected to nondenaturing gradient gel electro-
phoresis followed by PhosphorImager analysis to monitor
in vivo remodeling of the small HDL tracer during the
turnover study. Figure 5 shows PhosphorImager analysis of
gels from three representative hA-ITg Abca1�/� and hA-ITg

Abca1�/� recipient mice. Within 5 min after the tracer in-
jection, most of the injected small HDL tracer was remod-
eled to medium-sized (�8.2 nm diameter) HDLs in hA-ITg

Abca1�/� and hA-ITg Abca1�/� mice (data not shown).
Remodeling of the tracer to medium-sized HDLs also oc-

Fig. 4. In vivo catabolism and tissue uptake of small HDL tracer in hA-ITg Abca1 knockout recipient mice.
A: PhosphorImager analysis of 125I-labeled tyramine cellobiose (TC)-radiolabeled small HDL tracer sepa-
rated on a 4–30% nondenaturing gradient gel (1,400 V/h at 10	C). Stokes’ diameters of high molecular
mass standard proteins are shown at left for reference. B: PhosphorImager analysis of a 4–16% polyacryl-
amide SDS gel of 125I-TC small HDL tracer. Molecular masses of standard proteins are shown at left. C:
Whole plasma decay of small HDL tracer in recipient mice of the indicated genotype. Radioactivity in plasma
at each time point was quantified and converted to percentage of injected radioactivity remaining at the indi-
cated times. Plasma volume was calculated as 3.5% of body weight. Values shown are means � SD. D: Liver
and kidney uptake of small HDL tracer 24 h after injection into mice of the indicated genotype. Liver and
kidney samples were digested overnight in 1 N NaOH at 60	C, and 125I radioactivity was quantified. Data are
expressed as percentage of injected 125I-TC HDL tracer; each point represents data from an individual ani-
mal, and the horizontal line denotes the mean for each genotype. Kidney uptake values with unlike letters
were significantly different (P � 0.001) by ANOVA and Tukey’s posthoc analysis; no difference was observed
among genotypes for liver uptake.
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curred in hA-ITg Abca1�/� recipient mice, but unlike the
results from wild-type and heterozygous knockout recipi-
ent mice, there was detectable radiolabel in the pre-� size
range of the gel (�7.2 nm) for three of six recipient mice.
This result suggests that active ABCA1 protein was not
necessary for the remodeling of small HDLs to medium-
sized HDL particles. FCR values for each HDL subfrac-
tion, determined by kinetic analysis of the PhosphorIm-
ager data, are shown in Table 2. Consistent with the whole
plasma FCR data for small HDL tracer, hA-ITg Abca1�/�

recipient mice displayed significantly faster clearance of
pre-� and medium HDLs from the plasma than did wild-
type and heterozygous knockout mice.

In vitro remodeling of small HDL tracer in the plasma of 
hA-ITg Abca1 knockout mice

In vitro incubation of mouse plasma with small HDL
tracer was performed to determine which plasma factors
are necessary to promote the HDL remodeling observed
in vivo. Plasma proteins, such as PLTP (51–53), HL (54),
and LCAT, have been implicated in HDL remodeling and
were investigated using genetic disruption and chemical
inhibition of activity. Plasma samples from hA-ITg HL�/�,
PLTP�/�, and LCAT�/� mice and their respective wild-
type controls were incubated with small HDL tracer for 5
or 60 min, and remodeling was detected by nondenatur-
ing gradient gel electrophoresis and PhosphorImager

TABLE 2. Plasma and tissue FCRs of small HDL tracer

Subfractionated Plasma Tissue

Genotype Whole Plasma Pre-� Small Medium Liver Kidney

hA-ITg Abca1�/� 2.35 � 0.35b 3.08 � 1.43b 4.03 � 1.96 1.72 � 0.52b 0.85 � 0.07b 0.34 � 0.04b

hA-ITg Abca1�/� 2.09 � 0.31b 2.26 � 1.08b 3.09 � 1.49 1.81 � 0.40b 0.60 � 0.07c 0.27 � 0.07b

hA-ITg Abca1�/� 3.84 � 0.64a 5.51 � 0.72a 4.49 � 1.68 3.97 � 0.70a 1.19 � 0.26a 0.88 � 0.36a

Fractional catabolic rates (FCRs) are expressed as pools/day. Values were calculated using SAAM (Simulation,
Analysis, and Modeling) software and a two-pool model with rate constants from the plasma pool to the liver and
kidney. FCR values for subfractionated HDL were determined by 4–30% nondenaturing gradient gel electrophore-
sis of plasma samples at each time point after dose injection; subsequently, PhosphorImager analysis was con-
ducted to quantify radiolabel distribution in the pre-�, small, and medium regions of each lane, which were con-
verted into a fractional distribution. The fractional distribution was then multiplied by the cpm/ml plasma for
each time point to obtain cpm/ml for each HDL subfraction region, and the values were used for kinetic model-
ing. Data represent means � SD (n � 6–8). Statistical analyses of FCR values among the three genotypes were per-
formed using one-way ANOVA with Tukey’s multiple comparison test to ascertain individual differences. Values in
each column with different superscript letters are significantly different from each other at P � 0.05.

Fig. 5. In vivo remodeling of small HDL tracer after intravenous injection into hA-ITg Abca1�/� and hA-ITg

Abca1�/� recipient mice. Plasma samples, drawn at the indicated times after 125I-TC-radiolabeled small HDL
tracer injection, were fractionated on 4–30% nondenaturing gradient gels at 1,400 V/h at 10	C. The radiola-
bel distribution on gels was visualized using a PhosphorImager, and the results for three representative hA-ITg

Abca1�/� (top; �/�) and hA-ITg Abca1�/� (bottom; �/�) recipient mice are shown. High molecular mass
protein standard (Std) and dose are shown for reference, as are the size ranges corresponding to pre-�,
small, and medium HDL particles.
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analysis (Fig. 6). Chemical inhibitors also were used to in-
hibit LCAT and HL activities in the plasma of hA-ITg

Abca1�/� and hA-ITg Abca1�/� mice. Inhibition of PLTP
activity was not investigated, because plasma PLTP activity
for hA-ITg Abca1�/� mice was 10% that of wild-type mice
(Table 1).

In vitro remodeling of small HDL tracer to medium-
sized HDLs was observed in the plasma of both hA-ITg

Abca1�/� and hA-ITg Abca1�/� mice (Fig. 6A). This was
similar to the results observed in vivo (Fig. 5) and sup-
ports the in vivo turnover data, which suggested that
ABCA1 was not necessary for the remodeling of small
HDLs to medium-sized particles. However, remodeling of
small HDL tracer was not readily apparent in the plasma
of hA-ITg HL�/� and PLTP�/� mice, suggesting a signifi-
cant role of HL and PLTP in the remodeling (Fig. 6A).
Some remodeling of the tracer was observed in LCAT�/�

plasma, suggesting that LCAT is not required for this pro-
cess (Fig. 6A).

Incubating hA-ITg Abca1�/� and hA-ITg Abca1�/� mouse
plasma with DTNB at 37	C for 30 min completely inhib-
ited LCAT activity comparable to that of LCAT knockout
mice. DTNB treatment did not affect the remodeling in
hA-ITg Abca1�/� mice, whereas the extent of remodeling
was somewhat reduced in hA-ITg Abca1�/� mice (Fig. 6B).
As hA-ITg Abca1�/� mice also have very low plasma PLTP
activity, the decreased remodeling in this genotype of
mice may be attributed to the near absence of both fac-
tors. PMSF is a serine-modifying reagent that can inhibit
the active site serine residues of LCAT and HL. However,
incubation of plasma samples with 10 mM PMSF at 37	C
for 30 min did not completely inhibit LCAT and HL activ-
ities (�50% and �20% activity of nontreated plasma, re-
spectively), and remodeling of small HDL tracer to me-

Fig. 6. In vitro incubation of small HDL tracer with mouse plasma. A: Whole plasma from hA-ITg Abca1�/�,
hA-ITg Abca1�/�, hA-ITg HL�/�, phospholipid transfer protein (PLTP�/�), PLTP�/�, LCAT�/�, and LCAT�/�

mice was incubated with 125I-TC-radiolabeled small HDL tracer for 5 or 60 min at 37	C. Aliquots of incuba-
tion mixtures were subjected to 4–30% nondenaturing gradient gel electrophoresis at 1,400 V/h at 10	C. Af-
ter electrophoresis, gels were developed with a PhosphorImager. High molecular mass protein standard
(Std) and dose are shown for reference. B: Whole plasma samples from hA-ITg Abca1�/� and hA-ITg Abca1�/�

mice were incubated with or without 5 mM DTNB or 10 mM PMSF for 30 min at 37	C. Subsequently, 125I-TC-
radiolabeled small HDL tracer was added to plasma samples and incubated for 5 or 60 min at 37	C. Aliquots
of incubation mixtures were analyzed as described for A.
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dium-sized HDLs still occurred in the plasma of both
genotypes of mice. Overall, the results from the in vitro
experiments suggested that PLTP and HL are required for
small to medium HDL remodeling and that less than wild-
type activity of each is sufficient for the process.

DISCUSSION

The purpose of this study was to investigate the role of
ABCA1 in the intravascular remodeling, plasma clearance,
and organ-specific uptake of HDL. Although the role of
ABCA1 in the formation of nascent HDL particles is well
known, its role in HDL catabolism is poorly understood.
For more than two decades, it has been known that ma-
ture, spherical plasma HDL particles are hypercatabolized
in subjects with Tangier disease compared with normal in-
dividuals and that the more rapid catabolism is indepen-
dent of HDL pool size (20, 22). Our results contribute sev-
eral novel observations that explain this finding. In mice
expressing hA-ITg, we found a significantly faster catabo-
lism of plasma HDL in mice lacking ABCA1 compared with
mice expressing ABCA1. The 2-fold increase in plasma
FCR observed in the knockout mice compared with the
wild-type mice could be accounted for by a 2-fold increase
in kidney catabolism of HDL apoA-I tracer with no differ-
ence in hepatic catabolism of radiolabel. This outcome
demonstrates that the hypercatabolism of plasma HDL is
not explained by a general increase in catabolism of HDL
particles caused by reduced HDL pool size; rather, it is se-
lectively mediated by increased kidney uptake of apoA-I,
presumably as lipid-poor and/or lipid-free pre-� HDL
particles. The second major finding of the study was that
remodeling of small HDL tracer particles in plasma oc-
curred in the absence of ABCA1. This observation suggests
that ABCA1 functions primarily to add the requisite
amount of lipid to apoA-I, forming nascent HDL particles
and preventing the premature catabolism of lipid-free apoA-I
by the kidney. Furthermore, ABCA1 does not appear to
have a role in the maturation of small plasma HDLs to
larger HDL particles. Finally, we provide the first in vivo
evidence that transgenic overexpression of human apoA-I
results in the expression of more hepatic ABCA1 protein,
presumably by stabilizing ABCA1 and slowing its degrada-
tion, which may be an important mechanism in prevent-
ing the hypercatabolism of lipid-poor apoA-I and the in-
crease of plasma HDL in situations in which ABCA1
interaction with apoA-I is not saturated.

Hypercatabolism of apoA-I has been observed in Tan-
gier patients (20, 22) as well as in an animal model of ABCA1
deficiency, the Wisconsin Hypoalpha Mutant (WHAM)
chicken (55, 56). However, the mechanisms responsible
for the rapid catabolism of apoA-I associated with dysfunc-
tional ABCA1 remain unknown. Initially, the mechanism
was thought to be increased nonspecific catabolism of
HDL by tissues attributable to the markedly reduced HDL
pool size in plasma (�5% of normal). However, acute re-
placement of the plasma HDL pool in Tangier subjects by
intravenous infusion of HDL had a minimal impact on the

rapid catabolism of apoA-I tracer (22), suggesting that in-
creased nonspecific catabolism of HDL was not a likely ex-
planation. Studies by Schreyer, Hart, and Attie (56) dem-
onstrated a more rapid catabolism of radiolabeled apoA-I
in WHAM chickens compared with normal chickens and
an increased uptake of the radiolabel by the kidney. How-
ever, whether the same mechanism applies for HDL-
bound apoA-I is unknown, because only 50% of the radio-
labeled apoA-I injected into WHAM chickens was bound
to lipoprotein particles during the turnover study (56). A
previous study has documented that apoA-I that is loosely
associated with HDL is removed from the circulation
more rapidly and taken up by the kidneys to a greater ex-
tent than more tightly bound HDL apoA-I (57). Most
HDL tracers used for in vivo turnover studies are isolated
by ultracentrifugation, which can result in particle modifi-
cation (42–44) and loosely associated apoA-I. To date, no
studies have addressed the tissue sites responsible for the
hypercatabolism of HDL tracers in animal models of Tan-
gier disease (i.e., WHAM chicken and Abca1 knockout
mice) using HDL tracer particles that were not subjected
to ultracentrifugation. Our results are unique in this re-
gard. Using small HDL tracer particles that had not been
subjected to ultracentrifugation, we demonstrated that the
uptake of radiolabeled apoA-I was 3-fold greater in liver
compared with kidney in wild-type mice (Fig. 4D). In the
absence of ABCA1, liver uptake of HDL apoA-I tracer was
similar to that of wild-type mice; however, kidney uptake
was 2-fold higher. This represents the first in vivo evidence
that the hypercatabolism of plasma HDL particles in Tan-
gier disease is likely solely the result of an increase in ca-
tabolism of apoA-I by the kidney and not of a nonspecific
increase in the tissue catabolism of HDL as a result of low
HDL pool size.

Previous studies in nonhuman primates suggested a
unidirectional maturation pathway for plasma HDL sub-
fractions in which small HDLs (7.2–8.1 nm), containing
two molecules of apoA-I, were converted to medium (8.1–
10.4 nm) or large (10.4–12.2 nm) HDLs, containing three
and four molecules of apoA-I, respectively, outside the
plasma compartment (14, 58). It is likely that ABCG1, and
not ABCA1, is involved in the maturation of mature HDL
particles outside the plasma space, because ABCG1 can
transport cellular lipid to spherical HDL particles, whereas
ABCA1 transports cellular lipid to lipid-free apoA-I (12,
59). A subsequent study in hA-ITg mice using similar exper-
imental conditions reported that small HDL particles
were remodeled rapidly in plasma to medium-sized HDLs.
In the present study, we observed remodeling of small
HDL tracer to medium-sized HDLs in recipient mice with-
out active ABCA1, demonstrating that functional ABCA1
was not necessary for the remodeling (Fig. 5). Further-
more, there was no observed difference in the rate of the
remodeling of small HDLs to medium HDLs or in the
quantity of medium HDLs produced in the presence or
absence of ABCA1, suggesting that factors in plasma may
catalyze the remodeling process.

Studies have shown that PLTP can remodel HDL parti-
cles to smaller and larger HDL particles in vitro (60). HL
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can reduce the size of large triglyceride-enriched HDL
particles, resulting in the release of pre-� HDLs in vitro
(61). LCAT is also involved in the maturation of HDL sub-
fractions, but our previous study in hA-ITg mice suggested
that LCAT was not necessary for the rapid remodeling
we observed with our tracer particles (33). To determine
whether PLTP and HL are involved in the remodeling of
small HDL tracers to medium-sized HDL particles in
plasma, we performed in vitro studies using plasma from
mice that were deficient in PLTP and HL. Our results sug-
gest that PLTP and HL, but not LCAT, are necessary for
the remodeling, because remodeling was not apparent in
plasma of PLTP and HL knockout mice (Fig. 6A). The fact
that remodeling occurred in Abca1 knockout mouse
plasma, which contains 50% and 10% of wild-type HL and
PLTP, respectively (Table 1), suggests that only a small
amount of these plasma factors is needed to catalyze re-
modeling. Although the exact nature of this remodeling is
unknown at present, it cannot be a random exchange of
radiolabel because the tracer particles remodel to dis-
cretely sized HDL subfractions, not to all available HDL
particles in plasma.

The involvement of HL in the remodeling of small
HDLs to medium-sized particles seems paradoxical to its
reported role in reducing the size of triglyceride-enriched
HDL (61). Although we do not know the nature of this re-
modeling process by HL in our study, we speculate that
the phospholipase A1 activity of HL may destabilize the
surface PL monolayer of HDL and facilitate the PLTP-
mediated fusion of HDL particles (60). Because mouse HL
normally circulates in plasma (62), it is available to modify
HDL particles during in vitro incubations. It is also known
that HL can stimulate the selective uptake of HDL CEs by
SR-BI to a greater extent than an inactive mutant form of
HL, suggesting that hydrolysis of PL by HL facilitates se-
lective CE uptake by SR-BI to a greater extent than the
ligand-bridging role of HL for HDL and SR-BI (63). In ad-
dition, transgenic overexpression of group IIa secretory
phospholipase A2 results in increased selective uptake of
HDL CE by SR-BI, suggesting the HDL PL hydrolysis may
destabilize the particle surface to facilitate this process
(64). By analogy, if minimal hydrolysis of HDL PL destabi-
lizes the particle surface, it may facilitate particle fusion by
PLTP, resulting in the rapid remodeling of HDL particles
in plasma.

ABCA1 protein expression is controlled by posttransla-
tional as well as transcriptional mechanisms (65, 66).
ABCA1 protein on the surface of cells is stabilized by the
binding of apoA-I, which results in the dephosphorylation
of a PEST sequence in ABCA1 and inhibits its calpain-
mediated degradation (49, 67). This ABCA1 protein turn-
over pathway has been demonstrated in several cell types,
including primary mouse hepatocytes and macrophages
(49). A 2-fold increase in hepatocyte and macrophage
ABCA1 protein was demonstrated in vivo after injection of
a bolus of lipid-free apoA-I, which was equivalent to �15%
of the total apoA-I pool, suggesting that the stabilization
by apoA-I is an important physiological mechanism to in-
crease cell surface ABCA1 protein expression in vivo (49).

However, in the same study, the authors reported that no
increase in ABCA1 protein was observed in hA-ITg mice,
suggesting that some form of chronic adaptation may have
occurred. In our study, we observed a 2-fold increase in
hepatic ABCA1 protein expression in the liver of hA-ITg

mice that were wild type for the Abca1 locus, but no differ-
ence was observed for Abca1 heterozygotes (Fig. 3). These
divergent outcomes may result from strain differences in
mice between the two studies or other experimental de-
tails. The lack of an increase in ABCA1 protein for het-
erozygous mice in the hA-ITg background suggests that he-
patic ABCA1 protein is saturated with bound apoA-I when
only one active allele of Abca1 is present in the mice. Our
results suggest that increasing apoA-I concentrations in
plasma may protect against atherosclerosis by stabilizing
ABCA1 protein at the surface of cells and by providing
more substrate (i.e., apoA-I) for HDL particle formation,
both of which should stimulate RCT.

We recently reported that liver-specific targeted inacti-
vation of Abca1 resulted in a profound hypoalphalipopro-
teinemia and hypercatabolism of apoA-I by the kidney
(50). Compared with wild-type mice, liver-specific knock-
out mice had HDL concentrations that were 20% of nor-
mal, a 2-fold increase in plasma removal rate of lipid-free
apoA-I or apoA-I in plasma HDL tracer particles, and a
corresponding 2-fold increase in kidney degradation of ra-
diolabeled tracer. These results are remarkably similar to
those observed in the present study with Abca1 total
knockout mice expressing hA-ITg (Fig. 4, Table 2). Together,
our results suggest that the liver is the single most impor-
tant site of HDL particle assembly and that extrahepatic
ABCA1 cannot rescue the hypercatabolism of apoA-I in
the absence of hepatic ABCA1. Furthermore, strategies to
increase the hepatic expression of ABCA1 protein by in-
creasing the synthesis or decreasing the turnover of
ABCA1 protein appear viable possibilities to decrease the
risk of premature coronary heart disease.
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