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Identification of mutations in the ABCA1 transporter (ABCA1) as
the genetic defect in Tangier disease has generated interest in
modulating atherogenic risk by enhancing ABCA1 gene expression.
To investigate the role of ABCA1 in atherogenesis, we analyzed
diet-induced atherosclerosis in transgenic mice overexpressing
human ABCA1 (hABCA1-Tg) and spontaneous lesion formation
in hABCA1-Tg � apoE-knockout (KO) mice. Overexpression of
hABCA1 in C57BL�6 mice resulted in a unique anti-atherogenic
profile characterized by decreased plasma cholesterol (63%), cho-
lesteryl ester (63%), free cholesterol (67%), non-high density
lipoprotein (HDL)-cholesterol (53%), and apolipoprotein (apo) B
(64%) but markedly increased HDL-cholesterol (2.8-fold), apoA-I
(2.2-fold), and apoE (2.8-fold) levels. These beneficial changes in
the lipid profile led to significantly lower (65%) aortic atheroscle-
rosis in hABCA1-Tg mice. In marked contrast, ABCA1 overexpres-
sion had a minimal effect on the plasma lipid profile of apoE-KO
mice and resulted in a 2- to 2.6-fold increase in aortic lesion area.
These combined results indicate that overexpression of ABCA1 in
C57BL�6 mice on a high cholesterol diet results in an atheropro-
tective lipoprotein profile and decreased atherosclerosis, and thus
provide previously undocumented in vivo evidence of an anti-
atherogenic role for the ABCA1 transporter. In contrast, overex-
pression of ABCA1 in an apoE-KO background led to increased
atherosclerosis, further substantiating the important role of apoE
in macrophage cholesterol metabolism and atherogenesis. In sum-
mary, these results establish that, in the presence of apoE, over-
expression of ABCA1 modulates HDL as well as apoB-containing
lipoprotein metabolism and reduces atherosclerosis in vivo, and
indicate that pharmacological agents that will increase ABCA1
expression may reduce atherogenic risk in humans.

P lasma high density lipoprotein cholesterol (HDL-C) levels
are inversely correlated with the incidence of cardiovascular

disease (1–3). A major mechanism by which HDL may protect
against the development of atherosclerosis is reverse cholesterol
transport, the process by which excess cholesterol is transferred
from peripheral tissues to the liver, where it is excreted from the
body directly or after conversion into bile acids (4, 5). A major
advance in our understanding of the reverse cholesterol trans-
port pathway occurred with the discovery of the ATP binding
cassette transporter A1 (ABCA1), which was identified by the
analysis of patients with Tangier disease and selected kindreds
with familial hypoalphalipoproteinemia (6–12). Tangier disease
patients are characterized by orange tonsils, decreased plasma
cholesterol, low density lipoproteins (LDL) and HDL, and
increased triglycerides, cholesterol accumulation in tissues, in-
cluding macrophages, and cardiovascular disease (13, 14).

Several studies have established that the ABCA1 transporter
facilitates the efflux of cellular phospholipids and cholesterol to

apolipoprotein acceptors, such as apolipoproteins (apo) A-I and
apoE, and results in the formation of nascent or pre-� HDL (6,
11, 15–18). The ABCA1 transporter not only is present on the
cell surface but also has a recycling vesicular pathway to the late
endocytic compartment of the cell, which may play a pivotal role
in mediating intracellular trafficking of cholesterol to the cell
surface for eff lux (19). The human ABCA1 gene is 175 kb with
50 exons interrupted by 49 introns (12, 20, 21). Recently,
oxysterols were identified as important modulators of transcrip-
tion of the ABCA1 gene through a liver X receptor (LXR)�
retinoid X receptor (RXR) response element in the promoter of
the ABCA1 gene (22–25).

Similar to the clinical phenotype of Tangier disease patients,
inactivation of the ABCA1 gene in mice resulted in a marked
decrease of total plasma cholesterol and phospholipids, and the
virtual absence of HDL (17, 26, 27). However, the effect of
ABCA1 transporter deficiency on the susceptibility to diet-
induced atherosclerosis in mice has not been reported to date.

We (28), as well as other laboratories (29, 30), have recently
reported on the generation of transgenic mice that overexpress
human ABCA1 (ABCA1-Tg). ABCA1 transgenic mice were
shown to have increased total plasma and HDL-cholesterol, as
well as apoA-I, and apoA-II levels, when compared with
control C57BL�6 mice. The increased plasma HDL-C levels in
ABCA1-Tg mice were due to decreased apoA-I catabolism,
and the net hepatic f lux of HDL-C was increased in the
ABCA1-Tg mice (28). These combined data indicate that the
ABCA1 transporter is intimately involved in the process of
reverse cholesterol transport, as well as HDL maturation,
and suggest that therapeutic up-regulation of ABCA1 expres-
sion may be beneficial in the prevention and regression of
atherosclerosis.

In the present study, we directly address this question by
evaluating the effect of ABCA1 overexpression on the develop-
ment of diet-induced atherosclerosis in C57BL�6 mice and the
development of spontaneous aortic lesions in apoE-KO mice.

Materials and Methods
Animals. Human ABCA1-Tg mice (28) were crossed with
apoE-knockout (KO) mice (31) with C57BL�6 background

Abbreviations: ABCA1, ATP binding cassette transporter A1; TC, total cholesterol; FC, free
cholesterol; CE, cholesteryl esters; PL, phospholipids; HDL, high density lipoprotein; LDL,
low density lipoprotein; VLDL, very low density lipoprotein; apo, apolipoprotein; KO,
knockout; Tg, transgenic; IDL, intermediate density lipoprotein.

†To whom reprint requests should be addressed at: Molecular Disease Branch, National
Heart, Lung, and Blood Institute–National Institutes of Health, Building 10, Room 7N1115,
10 Center Drive, Bethesda, MD 20892-1666. E-mail: cjoyce@mail.nih.gov.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org�cgi�doi�10.1073�pnas.012587699 PNAS � January 8, 2002 � vol. 99 � no. 1 � 407–412

M
ED

IC
A

L
SC

IE
N

CE
S



(The Jackson Laboratory) to generate ABCA1-Tg �
apoE-KO mice. Expression of human ABCA1 was determined
by dot blot hybridization, using an ABCA1 cDNA [32P]dCTP-
labeled probe generated from ABCA1 cDNA with Ready-
To-Go DNA Labeling Beads (Amersham Pharmacia Biotech).
Mouse genomic DNA was isolated from white blood cells, by
using Promega Wizard PCR Preps DNA Purification System,
and the genotype was confirmed by PCR amplification, using
ABCA1-specific PCR primers ABCA1-242F (5�-GTT TCC
GTT ACC CGA CTC CT-3�) and ABCA1-942R (5�-GCC
CGC AGA CAA TAC GA-3�). ApoE genotype was deter-
mined by PCR screening, using primers (forward primer 180,
5�-GCC TAG CCG AGG GAG AGC CG-3�; reverse primer
181, 5�-TGT GAC TTG GGA GCT CTG CAG C-3�; and
reverse primer 182, 5�-GCC GCC CCG ACT GCA TCT-3�)
indicated by The Jackson Laboratory web page (http:��
jaxmice.jax.org). Human apoE-KO and ABCA1 � apoE-KO
mice were maintained on a regular chow diet (NIH-31 chow
diet; Ziegler Brothers, Gardner, PA) from weaning until
sacrifice at 3 months of age. Age- and sex-matched ABCA1-Tg
mice and C57BL�6 controls were placed on a Cocoa Butter
diet (TD88051; Harlan Teklad; Madison, WI) containing
1.25% cholesterol and 0.5% cholic acid at 2–3 months of age
and maintained on the diet for 15 weeks before sacrifice. The
mice were housed under protocols approved by the Animal
Care and Use Committee of the National Heart, Lung, and
Blood Institute.

Quantification of Plasma Lipids, Lipoproteins, and Apolipoproteins.
Fasting plasma samples were collected at 0, 3, 7, 10, 13, and 15
weeks after initiation of the Cocoa Butter diet in ABCA1-Tg
mice. After a 4-h fast, blood was obtained from the retro-orbital
plexus of mice anesthetized with methoxyflurane (Pitman–
Moore, Mundelein, IL), placed into precooled tubes containing
EDTA (final concentration 4 mM), and centrifuged at 2500 � g
for 20 min at 4°C, and aliquots of plasma were stored at �70°C.
Total cholesterol (TC), triglycerides (TG), phospholipids (PL),
and free cholesterol (FC) were assayed as previously described
(32). HDL-cholesterol was determined as the cholesterol re-
maining in the plasma after precipitation of apoB-containing
lipoproteins with dextran sulfate (Ciba-Corning, Oberlin, OH).
Plasma levels of murine apoA-I, apoB, and apoE were quantified
by a sandwich ELISA, using polyclonal antibodies raised in
rabbits against synthetic peptides of mouse apoA-I, apo-AII, and
apoE, as previously reported (33).

Analyses of Plasma Lipoproteins. Plasma lipoproteins either from
individual or from pooled mouse plasma were separated by gel
filtration, using two Superose 6 h 10�30 columns connected in
series (Amersham Pharmacia Biotech). Lipoproteins were
eluted at a constant flow rate of 0.3 ml�min with PBS containing
0.02% EDTA and 0.04% sodium azide. Native gel electrophore-
sis of pooled plasma was performed by using the Titan Gel
Lipoprotein Electrophoresis System (Helena Laboratories) un-
der native conditions, as specified by the manufacturer. Two-
dimensional electrophoresis of plasma lipoproteins was per-
formed as previously described (34). Plasma lipoproteins were
also separated on 4–20% Tris–glycine gels and 3–8% Tris–
acetate gels (NOVEX, San Diego, CA) and transferred to
polyvinylidene difluoride microporous membranes (Millipore).
Mouse apolipoproteins A-I, A-II, B, and E were identified by
immunostaining with polyclonal rabbit anti-mouse IgG (Biode-
sign International, Kennebunkport, ME) and visualized by using
a biotinylated secondary antibody, according to the Vectastain
Elite ABC Kit (Vector Laboratories) (35).

Evaluation of Aortic Atherosclerosis. The proximal aorta was col-
lected after saline perfusion through the left ventricle. Aortas

were placed in 4% phosphate buffered formaldehyde for 24 h
and then transferred to 10% phosphate-buffered formaldehyde
solution for 5 days. Specimens were embedded in 25% gelatin
and sectioned with a cryostat at �25°C. The aortic root and
ascending aorta were sectioned at a thickness of 10 mm, and
alternate sections were saved on slides and stained with oil-
red-O for neutral lipids and hematoxylin. Five sections�animal
were evaluated for the cross-sectional area of lesions from the
aortic root for a distance of 350 mm at 80-mm intervals, as
previously reported (36).

Statistical Analyses. Values are reported as mean � SEM. Com-
parisons between control and transgenic mice were made by
using the Student t test for independent samples (two-tailed) and
ANOVA. Differences in mean aortic lesion areas were evaluated
by using the Mann–Whitney test (Instat; GraphPad, San Diego).

Results
ABCA1 Overexpression Alters the Plasma Lipid Profile of hABCA1-Tg
Mice in Response to a Dietary Cholesterol Challenge. The plasma
lipid, lipoprotein, and apolipoprotein concentrations of
hABCA1-Tg and control C57BL�6 mice 15 weeks after initiating
the high cholesterol atherogenic diet are summarized in Table 1. As
previously reported (28), on a regular chow, low cholesterol diet,
hABCA1-Tg mice had significantly higher plasma TC, PL, FC,
cholesteryl esters (CE), HDL-C, and apoA-I concentrations than
control C57BL�6 mice. Thus, ABCA1 overexpression results in the
accumulation of lipids primarily in HDL of hABCA1-Tg mice (28).

After 15 weeks on the atherogenic diet, the plasma HDL-C,
apoA-I and apoE levels were significantly increased (2.8-, 2.2-, and
3.0-fold, respectively) in hABCA1-Tg mice when compared with
controls (Table 1). In marked contrast, hABCA1-Tg mice had
significantly decreased plasma levels of TC, CE, FC, non-HDL-C,
and apoB concentrations when compared with control C57BL�6
mice (63%, 63%, 67%, 53%, and 64%, respectively; Table 1). The
decrease in the plasma TC and non-HDL-C in hABCA1-Tg mice
relative to control mice was first evident 7 weeks after starting the
atherogenic diet and was sustained throughout the duration of the
diet study (data not shown). The reduction in the non-HDL-C in
hABCA1-Tg mice was accompanied by a decrease in the apoB
plasma concentrations, indicating an overall reduction in the num-
ber of apoB-containing lipoprotein particles.

Further analyses of the plasma lipoproteins by FPLC and
native agarose gel electrophoresis (Fig. 1a and b) confirmed
these findings. By FPLC, the majority of the reduction in plasma
cholesterol in hABCA1-Tg mice occurred in fractions corre-
sponding to VLDL, intermediate density lipoproteins (IDL),

Table 1. Lipid, lipoprotein, and apolipoprotein analyses of
hABCA1-Tg and C57BL�6 mice

C57BL�6 (females)
n � 11
15 wk

hABCA1 (females)
n � 14
15 wk

TC 389 � 33 247 � 17*
TG 49 � 4 43 � 3
PL 158 � 10 178 � 6
CE 327 � 28 205 � 15**
FC 62 � 6 42 � 3*
HDL-C 18 � 1 51 � 4*
Non-HDL-C 371 � 37 196 � 20*
ApoB 168.6 � 16.3 108.8 � 4.8**
ApoE 0.5 � 0.05 1.9 � 0.5**
Apo-AI 67.3 � 5.9 144.8 � 4.6*

Data expressed as mean (mg�dl) � SEM. *, P � 0.0005, **, P � 0.005;
hABC1-Tg vs. C57BL�6.
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and LDL (Fig. 1 A). Immunoblot analysis of FPLC fractions from
hABCA1-Tg mice revealed decreased apoB in the VLDL and
IDL�LDL fractions and increased apoA-I and apoA-II in HDL
(Fig. 1 A Inset). Native agarose gel electrophoresis also demon-
strated a substantial decrease in the cholesterol present in pre-�
and �-lipoproteins in hABCA1-Tg mice compared with control
mice (Fig. 1b). Increased �- and pre-�-migrating HDL lipopro-
teins were detected in the plasma of hABCA1-Tg mice by
two-dimensional gel electrophoresis followed by immunoblot-
ting with an anti-human apoA-I antibody (Fig. 1C). Thus,
ABCA1 overexpression resulted in a significant increase in HDL
and pre-� HDL lipoproteins and a decrease in the apoB-
containing lipoproteins. These combined findings establish that
ABCA1 modulates the response to dietary cholesterol, resulting
in a less atherogenic profile in hABCA1-Tg mice.

ABCA1 Overexpression Reduces Diet-Induced Aortic Atherosclerosis in
hABCA1-Tg Mice. ABCA1-Tg and control mice were killed and
their proximal aortas harvested for lesion analyses after 15 weeks
on the atherogenic diet (Fig. 2). When compared with control
mice, the mean aortic lesion area was significantly reduced by
65% in the hABCA1-Tg mice. Thus, overexpression of ABCA1
markedly reduced diet-induced aortic atherosclerosis in
C57BL�6 mice.

Plasma Lipid and Lipoprotein Profiles in hABCA1-Tg � apoE-KO Mice.
The apoE-KO mouse model has been frequently used to deter-
mine the effects of specific genes on the development of

spontaneous aortic atherosclerosis. To evaluate the effects of
ABCA1 overexpression on aortic lesion formation in apoE-KO
mice, we crossed hABCA1-Tg mice with apoE-KO mice.
ABCA1 had only a minimum effect on the plasma lipid profile
of both male and female hABCA1-Tg � apoE-KO mice (Table
2). A trend for increased TC and non-HDL-C levels that did not
reach statistical significance was noted in hABCA1-Tg �
apoE-KO of both sexes when compared with age and sex-
matched apoE-KO mice (Table 2). FPLC analysis of fasting,
pooled mouse plasma also revealed increased cholesterol in the
plasma lipoproteins eluting in the VLDL, IDL, and LDL frac-
tions of hABCA1-Tg � apoE-KO mice, compared with age- and
sex-matched apoE-KO sibling controls (Fig. 3A). Analyses of the
plasma lipoproteins by native agarose gel electrophoresis (Fig.
3B) was consistent with these unexpected findings. However,
plasma apoB levels in hABCA1-Tg � apoE-KO mice were not
increased when compared with apoE-KO mice (Table 2), indi-
cating an increase in the cholesterol content rather than the
number of apoB-containing lipoprotein particles. The plasma
concentrations of HDL-C, pre-� HDL, as well as apoA-I, were
similar in hABCA1-Tg � apoE-KO and apoE-KO mice (Table
2 and Fig. 3 A, B, and C). These data indicate that, in a mouse
model with deficiency of apoE, ABCA1 overexpression leads to
only a minimal change in the plasma lipoprotein profile, char-
acterized by a small increase in the plasma levels of apoB-
containing lipoprotein cholesterol.

ABCA1 Increases Aortic Atherosclerosis in apoE-KO Mice Overexpress-
ing ABCA1. In striking contrast to our results in hABCA1-Tg mice,
the mean aortic lesion area in both hABCA1-Tg � apoE-KO
female and male mice maintained on a regular chow diet was
significantly increased (2.0- and 2.6-fold, respectively), com-
pared with age- and sex-matched apoE-KO sibling controls (Fig.
4). Thus, in the absence of apoE, ABCA1 overexpression does
not protect against the development of aortic atherosclerosis.

Discussion
The ABCA1 transporter plays a pivotal role in the removal of excess
intracellular cholesterol and phospholipids to lipid-poor apoli-

Fig. 1. Analyses of the plasma lipoproteins in hABCA1-Tg and C57BL�6
control mice maintained on the atherogenic diet. (A) The distribution of
cholesterol after separation of the plasma lipoproteins present in pooled
plasma from female C57BL�6 (■ ; n � 5) and hABCA1-Tg (E; n � 5) mice by
FPLC. ApoA-I, apoA-II, and apoB present in FPLC fractions corresponding to
VLDL (lanes 1), IDL�LDL (lanes 2), and HDL (lanes 3) elution volumes (15, 21,
and 29 ml, respectively) were determined by immunoblot analysis (Inset).
(B) Two microliters of plasma from C57BL�6 (C) and hABCA1-Tg (Tg) mice
were analyzed by native agarose gel electrophoresis followed by staining
with fat red B. (C) Detection of apoA-I by immunoblotting after two-
dimensional gel electrophoresis of plasma from C57BL�6 and hABCA1-Tg
mice.

Fig. 2. Analyses of aortic atherosclerosis in C57BL�6 (■ ; n � 11) and
hABCA1-Tg (E; n � 18) mice maintained for 15 weeks on an atherogenic diet.
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poprotein acceptors in the initial step of reverse cholesterol trans-
port. Mutations in the ABCA1 gene have been established as the
genetic defect in Tangier disease, a condition characterized by
extremely low HDL levels and an increased risk of cardiovascular
disease. In vitro studies in several laboratories have shown that

ABCA1 plays an important role in the removal of excess cholesterol
from macrophages (15, 17, 37). The development of foam cells,
resulting from the accumulation of excess cholesterol in macro-
phages, leads to the formation of fatty streaks, complex lesions, and
eventually plaque rupture (38). Thus, stimulation of macrophage
cholesterol efflux by enhanced ABCA1 expression would be pre-
dicted to inhibit foam cell formation and consequently reduce
atherosclerosis. However, although there is considerable interest in
the development of pharmacological agents that may increase
ABCA1 gene expression, the definitive effect of in vivo ABCA1
overexpression on the development of atherosclerosis remains
unknown. To directly test the potential importance of modulating
ABCA1 gene expression to beneficially alter atherogenic risk, we
recently created ABCA1 transgenic mice (28). In the present study,
we evaluate the effect of ABCA1 overexpression on the plasma
lipid profile and development of aortic atherosclerosis in mice fed
an atherogenic diet and in the atherogenic prone apoE-KO mouse
model system.

Our initial studies established that, on a low cholesterol
regular chow diet, C57BI�6 mice overexpressing ABCA1 in the
liver and macrophages developed a protective lipoprotein
profile with increased plasma levels of HDL-C, pre-� HDL,
and apoA-I (28). The increased plasma apoA-I and HDL-C

Table 2. Lipid, lipoprotein, and apolipoprotein analyses of hABCA1�ApoE-KO and
ApoE-KO mice

ApoE-KO
(females)

n � 12
3 mo

hABCA1 � ApoE-KO
(females)

n � 11
3 mo

ApoE-KO
(males)
n � 12
3 mo

hABCA1 � ApoE-KO
(males)
n � 13
3 mo

TC 616 � 27 654 � 32 809 � 45 873 � 55
TG 113 � 6 117 � 9 185 � 13 187 � 17
PL 331 � 13 346 � 15 478 � 21 505 � 32
CE 412 � 20 454 � 21 577 � 33 617 � 42
FC 204 � 19 200 � 17 231 � 16 256 � 19
HDL-C 12 � 1 14 � 1 27 � 3 35 � 4
Non-HDL-C 604 � 27 640 � 39 782 � 45 838 � 52
ApoB* 219.9 � 7.4 201.9 � 24.9 214.7 � 12.3 211.3 � 15.1
ApoE* — — — —
Apo-AI* 13.3 � 2.2 13.9 � 2.3 22.6 � 6.4 26.7 � 6.4

Data expressed as mean (mg�dl) � SEM; P � 0.05, all.

*n � 8.

Fig. 3. Analyses of the plasma lipoproteins in hABCA1-Tg � apoE-KO and
apoE-KO mice maintained on a regular chow diet. (A) The distribution of
cholesterol in different FPLC elution fractions was analyzed after separation
of the plasma lipoproteins present in pooled plasma from female apoE-KO (■ ;
n � 5) and hABCA1-Tg � apoE-KO (E; n � 5) mice by FPLC. ApoA-I, apoA-II, and
apoB present in FPLC fractions corresponding to VLDL (lanes 1 and 2), IDL�LDL
(lanes 3), and HDL (lanes 4) elution volumes (16, 17, 22.5, and 31 ml, respec-
tively) were determined by immunoblot analysis (Inset). (B) Two microliters of
plasma from C57BL�6 (C), apoE-KO (E-KO), and hABCA1-Tg � apoE-KO (E-
KO � hABCA1-Tg) mice were analyzed by native agarose gel electrophoresis
followed by staining with fat red B. (C) Detection of apoA-I by immunoblot-
ting after two-dimensional gel electrophoresis of plasma from apoE-KO and
hABCA1-Tg � apoE-KO mice.

Fig. 4. Analyses of aortic atherosclerosis in apoE-KO (■ ; male n � 15 and
female n � 20) and hABCA1-Tg � apoE-KO (E; male n � 16 and female n � 26)
mice maintained for 15 weeks on an atherogenic diet.
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levels were due to delayed HDL catabolism; however, the efflux of
cholesterol from macrophages and the net delivery of HDL-C to the
liver was increased, consistent with increased hepatic reverse cho-
lesterol transport (28). In the present study, hABCA1-Tg mice
placed on an atherogenic diet were shown to have significantly
increased plasma levels of HDL-C, pre-� HDL, apoA-I, and apoE
when compared with control mice. However, in marked contrast to
the small increase in the plasma concentrations of apoB observed
in hABCA1-Tg mice on the regular chow diet (28), hABCA1-Tg
mice had markedly reduced plasma levels of non-HDL-C and apoB
when challenged with the atherogenic diet. FPLC analysis and
native agarose gel electrophoresis confirmed the significant reduc-
tion in the cholesterol content of the apoB-containing lipoproteins
in VLDL, IDL, and LDL in hABCA1-Tg mice. These combined
findings are consistent with a decrease in the number of atherogenic
apoB-containing particles in hABCA1-Tg mice. Analysis of diet-
induced atherosclerosis in hABCA1-Tg mice revealed a 65%
reduction in aortic lesion formation when compared with control
C57BL�6 mice. The decreased aortic atherosclerosis in
hABCA1-Tg mice provides support for the concept that it is the
small but critical macrophage cholesterol pool that determines the
development of atherosclerosis. Thus, modulation of genes such as
ABCA1, which increase hepatic reverse cholesterol transport with
reduction in the macrophage cholesterol content, can be associated
with decreased atherosclerosis. These combined data clearly estab-
lish that ABCA1 overexpression in mice on a high cholesterol diet
results in an atheroprotective lipoprotein profile and decreased
atherosclerosis, and thus provide previously undocumented in vivo
evidence of an anti-atherogenic role for the ABCA1 transporter.

To gain further insights into the coordinate role of ABCA1 and
apoE in modulating plasma lipoprotein metabolism and athero-
sclerosis, we crossed the hABCA1-Tg mice with apoE-KO mice.
Overexpression of ABCA1 in apoE-KO mice had only a minimal
impact on the plasma lipid profile. Unlike our findings in
ABCA1-Tg mice on a high cholesterol diet, overexpression of
ABCA1 in apoE-KO mice resulted in a small increase in the
cholesterol content of the apoB-containing lipoproteins, VLDL,
IDL, and LDL. In dramatic contrast to the results in hABCA1-Tg
mice, ABCA1 overexpression significantly enhanced rather than
reduced aortic atherosclerosis in apoE-KO mice.

The results of the atherosclerosis study in hABCA1-Tg �
apoE-KO mice provide interesting new data on the importance
of apoE and the ABCA1 transporter in cholesterol metabolism
in the macrophage. ApoE is synthesized not only in the liver but
also macrophages, the two major sites of ABCA1 overexpression
in our ABCA1-Tg mice (28, 39). Extensive clinical and in vitro
studies have established the importance of apoE as a ligand that
mediates the plasma clearance of chylomicron remnants and
intermediate density lipoproteins (39–41). In addition, the
cholesterol secreted from cholesterol-loaded macrophages has
been correlated with apoE secretion, as well as the functionality
of the ABCA1 transporter (39, 42–44). Furthermore, we have
recently shown that apoE is as effective as apoA-I as an
apolipoprotein acceptor for ABCA1-mediated cholesterol eff lux
(16). Thus, both apoA-I and apoE may function as acceptors for
ABCA1 mediate cholesterol eff lux from the macrophage.

Of additional interest are recent studies, which have iden-
tified liver X receptor response elements in the promoters of
the genes for both ABCA1 and apoE, suggesting coordinate
regulation of ABCA1 and apoE gene expression (22–24, 45).

Cholesterol and�or oxysterol loading of macrophages would be
anticipated to increase the expression of both apoE as well as
ABCA1 by stimulation of the liver X receptor�retinoid X
receptor pathway. The secreted apoE could then act as an
apolipoprotein acceptor for cholesterol and phospholipid ef-
f lux mediated by ABCA1, which would further enhance the
removal of cholesterol from macrophages. Thus, the combined
effects of increased expression of apoE and ABCA1 would
decrease the cholesterol content of the macrophage and
protect against the development of atherosclerosis.

The lack of reduction in aortic atherosclerosis observed in the
hABCA1-Tg � apoE-KO mice may be the result of several changes
in lipoprotein and cholesterol metabolism. The absence of apoE
results in delayed clearance of the apoB-containing lipoproteins,
and would also be anticipated to decrease both the secretion of
cholesterol from macrophages, as well as prevent apoE from acting
as an apolipoprotein acceptor for ABCA1 mediated efflux. Thus,
the absence of apoE in the apoE-KO mice would limit the effec-
tiveness of overexpression of ABCA1 in reducing atherosclerosis in
the hABCA1-Tg � apoE-KO mice. In addition, the low plasma
apoA-I levels present in the apoE-KO mice may also limit the ability
of apoA-I to function as an effective apolipoprotein acceptor in the
vessel wall. Nevertheless, the increased atherosclerosis in the
hABCA1-Tg � apoE-KO mice was an unexpected finding. This
latter result suggests that other changes either in the plasma
lipoproteins not readily apparent in the plasma lipoprotein profile
or in macrophage cholesterol metabolism may be responsible for
the increased atherosclerosis. It is important to note that ABCA1
overexpression in apoE-KO mice resulted in increased plasma
levels of cholesterol in the apoB-containing lipoproteins, which may
reflect a marked difference in hepatic cholesterol metabolism. It is
also of interest that increased atherosclerosis was observed in
hLCAT-Tg � apoE-KO mice, which has been proposed to be the
result of accumulation of a dysfunctional HDL that did not function
effectively in reverse cholesterol transport.¶ Additional studies on
the hABCA1-Tg � apoE-KO mice will undoubtedly provide new
and important insights into the pathophysiology of experimental
atherosclerosis.

In summary, overexpression of ABCA1 in mice with a
C57BL�6 background results in a lipoprotein profile character-
ized by markedly increased plasma levels of HDL, pre-� HDL,
and apoA-I, as well as decreased apoB-containing lipoproteins,
which protects against the development of diet-induced aortic
lesions. In contrast, overexpression of ABCA1 in an apoE-KO
background increased atherosclerosis, further substantiating the
importance of apoE in macrophage cholesterol metabolism and
the development of cardiovascular disease. The major conclu-
sion that can be drawn from our combined studies is that
increased expression of ABCA1 can reduce atherosclerosis.
These data suggest that treatment with pharmacological agents
that increase ABCA1 expression may be an effective approach
for reducing atherogenic risk in humans.

¶Vaisman, B. L., Berard, A. M., Paigen, B., Marcovina, S., Eckhaus, M., Maeda, N., Brewer,
H. B., Jr., & Santamarina-Fojo, S. (1996) Circulation 94, I-633 (abstr.).
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