Synthetic LXR ligand inhibits the development of

atherosclerosis in mice

Sean B. Joseph**, Elaine McKilligin'*, Liming Pei*, Michael A. Watson$, Alan R. CollinsT, Bryan A. Laffitte*/,
Mingyi Chen*l, Grace Noh", Joanne Goodman?*, Graham N. Hagger*, Jonathan Tran*, Tim K. Tippin**,
Xuping WangT, Aldons J. LusisT'#*, Willa A. Hsueh, Ronald E. LawT, Jon L. CollinsS,

Timothy M. Willson$, and Peter Tontonoz*I5$

IHoward Hughes Medical Institute and the Departments of *Pathology and Laboratory Medicine, "Medicine, *"fHuman Genetics, and **Microbiology,
Immunology, and Molecular Genetics, University of California, Los Angeles, CA 90095-1662; *Atherosclerosis Department, Cardiovascular and
Urology CEDD, GlaxoSmithKline, Stevenage SG1 2NY, United Kingdom; and SNuclear Receptor Discovery Research and **Biometabolism

Research Support, GlaxoSmithKline, Research Triangle Park, NC 27709-3398

Edited by Robert W. Mahley, The J. David Gladstone Institutes, San Francisco, CA, and approved April 5, 2002 (received for review January 31, 2002)

The nuclear receptors LXRa and LXRB have been implicated in the
control of cholesterol and fatty acid metabolism in multiple cell
types. Activation of these receptors stimulates cholesterol efflux in
macrophages, promotes bile acid synthesis in liver, and inhibits
intestinal cholesterol absorption, actions that would collectively be
expected to reduce atherosclerotic risk. However, synthetic LXR
ligands have also been shown to induce lipogenesis and hypertri-
glyceridemia in mice, raising questions as to the net effects of these
compounds on the development of cardiovascular disease. We
demonstrate here that the nonsteroidal LXR agonist GW3965 has
potent antiatherogenic activity in two different murine models. In
LDLR~/~ mice, GW3965 reduced lesion area by 53% in males and
34% in females. A similar reduction of 47% was observed in male
apoE~/~ mice. Long-term (12-week) treatment with LXR agonist
had differential effects on plasma lipid profiles in LDLR-/~ and
apoE~/~ mice. GW3965 induced expression of ATP-binding cas-
settes A1 and G1 in modified low-density lipoprotein-loaded mac-
rophages in vitro as well as in the aortas of hyperlipidemic mice,
suggesting that direct actions of LXR ligands on vascular gene
expression are likely to contribute to their antiatherogenic effects.
These observations provide direct evidence for an atheroprotective
effect of LXR agonists and support their further evaluation as
potential modulators of human cardiovascular disease.

ecent work has identified the nuclear receptors LXRa and
LXRp as central regulators of lipid homeostasis. The physio-
logic ligands for these receptors are likely to be specific interme-
diates in the cholesterol biosynthetic pathway such as 24(S),25-
epoxycholesterol (1-3). LXRa is expressed primarily in liver,
intestine, adipose tissue, and macrophages, whereas LXR}S is
expressed in many cell types (4). In peripheral cells such as
macrophages, LXRs seem to coordinate a physiologic response to
cellular cholesterol loading. LXRs directly control transcription of
several genes involved in the cholesterol efflux pathway, including
ATP-binding cassette (ABC) Al (5-8), ABCG1 (9), and apoli-
poprotein E (apoE) (10). In the intestine, ligand activation of
LXR/RXR heterodimers dramatically reduces dietary cholesterol
absorption, an effect postulated to be mediated by ABCAL (6).
In the liver, LXRs seem to regulate both cholesterol and fatty
acid metabolism. Mice carrying a targeted disruption of the Lxra
gene fail to induce transcription of the gene encoding cholesterol
7a-hydroxylase (CYP7A1) in response to dietary cholesterol, im-
plicating LXRs in the control of bile acid synthesis (11). Mice
lacking LXRa were also observed to be deficient in expression of
fatty acid synthase, steroyl-coA desaturase 1, acyl-coA carboxylase,
and sterol regulatory element binding protein-1, suggesting an
additional role in lipogenesis. This hypothesis was supported by the
subsequent demonstration that the synthetic LXR ligand T1317
induces expression of lipogenic genes and raises plasma triglyceride
levels in mice (12). The recent observation that both the sterol
regulatory element binding protein-1c and fatty acid synthase
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promoters are direct targets for LXR/RXR heterodimers provides
a potential mechanism for these effects (13-15). Hepatic choles-
terol ester transfer protein and lipoprotein lipase expression are
also regulated by LXRs (16, 17).

The ability of LXR-signaling pathways to have an impact on
multiple aspects of systemic lipid metabolism makes the long-term
effects of synthetic LXR agonists difficult to predict. On the one
hand, the promotion of reverse cholesterol transport and inhibition
of intestinal cholesterol absorption would be expected to reduce
atherosclerotic risk. On the other hand, elevation of plasma triglyc-
eride levels would be expected to have unfavorable effects on the
development of metabolic disease. Indeed, significant controversy
exists as to whether LXR agonists or antagonists would be the more
useful agents for the modulation of human lipid metabolism (6, 8§,
12). In the present study, we have analyzed the effect of a synthetic
LXR ligand in two different murine models of atherosclerosis.
Chronic administration of GW3965 significantly reduced athero-
sclerosis in both LDLR~/~ mice and apoE~/~ mice, providing
direct evidence for an atheroprotective effect of LXR agonists.
These observations suggest that LXR ligands may represent prom-
ising agents for intervention in human cardiovascular disease.

Materials and Methods

Cell Culture and RNA Analysis. Peritoneal macrophages were ob-
tained from thioglycolate-injected mice as described (9) and cul-
tured in DMEM containing 10% FBS. For ligand treatments, cells
were cultured in DMEM supplemented with 5% lipoprotein-
deficient serum (Intracel, Frederick, MD) and ligand for 48 h. In
some experiments, cells were preloaded with 50 pg/ml protein
AcLDL (Intracel) for 24 h. Total RNA was isolated by using Trizol
(Life Technologies, Rockville, MD). Northern analysis was per-
formed as described (18) by using radiolabeled cDNA probes.
Real-time quantitative PCR assays were performed by using an
Applied Biosystems 7700 sequence detector as in ref. 19. In brief,
1 g of total RNA was reverse transcribed with random hexamers
by using Tagman Reverse Transcription Reagents Kit (Applied
Biosystems). Each amplification mixture (50 ul) contained 50 ng
cDNA, 900 nM forward primer, 900 nM reverse primer, 100 nM
fluorogenic probe (Applied Biosystems), and 25 ul of Universal
PCR Master Mix. Samples were analyzed for 36B4 or 18S rRNA
expression in parallel in the same run. Quantitative expression
values were extrapolated from separate standard curves for controls
and unknowns generated with 10-fold dilutions of cDNA. Assays
were performed in duplicate. Primer and probe sequences are
available on request.
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Animals and Diets. LDLR knockout mice on a C57BL/6 background
were obtained from The Jackson Laboratory and fed ad libitum a
western diet (Research Diets, D12079B; 21% fat, 1.5% cholesterol)
with or without GW3965, as indicated. ApoE knockout male mice
on a C57BL/6 background were maintained on normal chow (RM1
maintenance diet; SDS, London, U.K.). Body weight and food
intake monitored at regular intervals. Experiments were performed
on age-matched mice of 2.5-4 months of age. Where indicated,
diets were supplemented with GW3965 [ECsy 190 nM on LXRa
(20)], at a level sufficient to provide the appropriate milligrams per
kilogram body weight (mpk) dose on consumption of a 5-g diet by
a 30-g mouse per day. Animal experiments were approved by the
Institutional Animal Care and Research Advisory Committee of
the University of California, Los Angeles.

Plasma Lipids. Mice were fasted overnight and euthanized; blood
was collected from the abdominal vena cava. Aliquots of plasma
were subjected to lipid analysis by using commercially available
enzymatic kits, ILab600 Clinical Chemistry Analyzer (Instru-
mentation Laboratory, Lexington, MA) or by HPLC (Kroma
System 2000, Bio-Tek Kontron Instruments, Winooski, VT).
Values are reported as mean = SEM. Comparisons between
control and treated mice were made by using the Student ¢ test
for independent samples (two-tailed) and ANOVA.

Histology and Lesion Analysis. For en face analysis, mice were
euthanized and the aorta dissected out, opened longitudinally from
heart to the iliac arteries, and stained with Sudan IV to determine
lesion area (21). Images were captured by use of a Sony 3-CCD
video camera and analyzed by a single technician who was blinded
to the study protocol and used IMAGEPRO image analysis software.
The extent of lesion formation is expressed as the percentage of the
total aortic surface area covered by lesions. Atherosclerotic lesions
at the aortic valve were analyzed as described (22). The upper
portion of the heart and proximal aorta were obtained, embedded
in OCT compound (Fisher, Tustin, CA), and stored at —70°C. For
LDLR ~/~ mice, serial 10-pm-thick cryosections of aorta, beginning
at the aortic root, were collected for a distance of 400 wm. For
apoE~/~ mice, 4-um sections were analyzed for a distance of 600
wpm. Sections were stained with Oil Red O and hematoxylin. The
lipid-staining areas on 25 sections were determined in a blinded
fashion by light microscopy. The mean value of lesion area of aortic
wall per section was then calculated. Comparisons between control
and treated mice were made by using the Student ¢ test for
independent samples (two-tailed) and ANOVA. Immunohisto-
chemical analyses of atherosclerotic lesions in the aortic root were
performed as described (23). In brief, 10-um-thick cryosections
were fixed in acetone and incubated with rabbit polyclonal antibody
to mouse ABCAL1 (a gift of O. Francone, Pfizer) (24), rat mono-
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Fig. 1. Synthetic LXR ligands are more efficacious than
endogenous LXR ligands in lipid-loaded macrophages. (A)
Murine thioglycolate-elicited peritoneal macrophages from
C57BL/6 mice were treated for 24 h with vehicle (DMSO), 5
uM GW3965, or 50 pug/ml protein AcLDL. (B) Peritoneal
macrophages were cultured for 24 h in the presence of 50
wng/ml AcLDL and then treated for an additional 24 h with
39&45“ the indicated concentration of GW3965 or T1317. RNA was
isolated and gene expression assayed by real time quantita-
tive PCR. Data are presented as mRNA level relative to vehi-
cle control.

clonal antibody to mouse macrophages (MOMA-2, Accurate
Chemicals), or control rabbit IgG, followed by incubation with
biotinylated anti-rabbit or antirat secondary antibodies. Signals
were detected with peroxidase chromogen and alkaline phospha-
tase, respectively (Vector Laboratories).

Results

Previous work has identified LXRs as mediators of the effects of
oxysterols on ABCA1, ABCG1, and apoE expression in macro-
phages. The synthetic LXR ligands T1317 and GW3965 have also
been shown to induce expression of these genes (6, 9, 10, 19).
However, the impact of LXR ligands on lipid-loaded macrophages
that already contain high levels of LXR activators has not been
explored. In theory, for synthetic agonists to exhibit utility for the
promotion of cholesterol efflux from lipid-loaded cells, they must
be more efficacious than the endogenous ligands present in such
cells. As shown in Fig. 14, GW3965 was significantly more effective
than acetylated low-density lipoprotein (LDL) in inducing ABCA1
expression in thioglycolate-elicited murine peritoneal macro-
phages. Moreover, both GW3965 and the structurally unrelated
agonist T1317 were able to induce expression of the LXR target
genes ABCA1, ABCGI, and apoE further in cells that had been
preloaded with acetylated LDL (Fig. 1B). This observation suggests
that it may be possible to promote LXR target gene expression and
cholesterol efflux from highly lipid-loaded macrophages in the
context of an atherosclerotic lesion.

The influence of GW3965 on the development of atheroscle-
rosis was analyzed in both LDLR ™/~ and apoE~/~ mice. In the
first study, LDLR™/~ mice of 12 weeks of age were fed an
atherogenic high-fat diet for 12 weeks. One group received
high-fat diet alone, one group received a high-fat diet containing
1 mpk GW3965, and one group received a high-fat diet con-
taining 10 mpk GW3965. The 10-mpk dosing regimen was
determined to result in plasma drug concentrations between 200
and 400 nM (ECsp on LXRa = 190 nm). No difference occurred
in body weight or food consumption between groups (Table 1).
After 12 weeks, mice treated with GW3965 showed a significant
decrease in total cholesterol and unesterified cholesterol com-
pared with controls (Table 1). Total cholesterol was also signif-
icantly reduced in the group receiving 1 mpk GW3965. In
contrast to short-term treatment (data not shown), plasma
triglycerides and high-density lipoprotein (HDL) cholesterol
were not different from control after chronic treatment with
LXR agonist. This observation is consistent with previous work
in C57BL/6 mice showing that the marked hypertriglyceridemia
induced by LXR ligands is largely transient (15).

Atherosclerotic lesions in LDLR ™/~ mice were quantified by en
face analysis (21) of aortas after 12 weeks on a high-fat diet in the
presence or absence of LXR agonist. Quantification of Sudan
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Table 1. Plasma lipid levels in LDLR~/~ mice maintained for 12 weeks on a high-fat diet in the

presence or absence of GW3965

12 weeks
T = 0 Vehicle Vehicle GW3965 (1 mpk)  GW3965 (10 mpk)

Males

Total cholesterol, mg/dl 319.8 = 6.1 1233.9 + 66.6 1014.3 + 59.4* 828.5 = 109.6**

HDL cholesterol, mg/dl| 1265+ 1.3 73.4+29 69.4 = 4.1 63.7 = 8.1

Triglycerides, mg/dl 96.9 + 5.8 166.1 = 22.6 1720 =114 183.8 = 28.8

Unesterified cholesterol, mg/dl 81.9 =26 323.6 = 16.9 2729 £ 17.2 222.6 = 29.7*%*

Body weight, g 228 +0.3 38.2 = 0.7 37.3+1.0 37.1 = 0.5

Food intake, g/mouse 269.8 = 17.4 268.5 = 24.9 275.8 = 29.0
Females

Total cholesterol, mg/dl 265.5 = 5.8 811.1 =41.7 862.1 = 49.6 718.1 = 28.1*

HDL cholesterol, mg/dl| 96.0 = 1.9 59.2 = 3.7 68.1 = 5.3 68.7 = 6.2

Triglycerides, mg/dl 90.7 = 3.8 79.6 = 6.7 78.4 = 12.0 71293

Unesterified cholesterol, mg/dl 73.7 £ 5.3 220.1 = 11.4 222.0 = 14.7 185.7 = 7.5

Body weight, g 17.0 = 0.5 241 +1.0 23.6 = 0.3 233*04

Food intake, g/mouse 288.5 = 29.9 262.3 = 17.7 284.5 + 459

Data expressed as mean = SEM. *, P < 0.05; **, P < 0.005. N = 9 per group.

IV-stained en face preparations of aortas revealed a dose-
dependent reduction in atherosclerosis in mice treated with
GW3965. In male mice, the group receiving 1 mpk GW3965 showed
a slight decrease in lesion area compared with controls (25%) that
did not reach statistical significance (P < 0.28) (Fig. 2). However,
male mice receiving 10 mpk GW3965 showed a statistically signif-
icant (P < 0.01) 50% reduction in average lesion area (Figs. 2 and
3) compared with control mice. A similar reduction of 35% was
observed in female mice receiving 10 mpk GW3965 (Fig. 2, P <
0.01). To document further the effects on atherosclerosis, aortic
root sections from male LDLR =/~ mice were analyzed. Quantifi-
cation of lesions after Oil Red O staining again revealed a statis-
tically significant 35% reduction in lesion area in the animals
treated with 10 mpk GW3965 compared with controls (P < 0.005,
Fig. 44).

The influence of LXR agonists on the development of ath-
erosclerosis was also analyzed in apoE~/~ mice. In comparison
with LDLR~/~ mice, apoE~/~ mice develop atherosclerosis on
a normal chow diet and have a distinct lipoprotein profile (25).
The apoE gene itself has also been an LXR target gene in
macrophages (10). Male apoE~/~ mice of 12 weeks of age were
maintained for 12 weeks on either normal chow diet or normal
chow diet containing 10 mpk GW3965. Plasma levels of GW3965

were monitored throughout the study and averaged between 200
and 400 nM (data not shown). At the end of the study, plasma
total cholesterol levels and HDL cholesterol were not different
between groups (Table 2). However, very-low-density lipopro-
tein cholesterol was reduced, and triglycerides were significantly
increased. Atherosclerotic lesion area in aortic root sections was
quantitated after Oil Red O staining. As shown in Fig. 4B,
apoE~/~ mice receiving LXR agonist showed a 47% reduction
in lesion area (P < 0.005) compared with control mice. Thus,
GW3965 inhibits the development of atherosclerosis in two
distinct murine models. These data indicate that apoE expres-
sion is not required for the antiatherogenic effects of LXR
agonists.

The effect of chronic LXR agonist administration on target
gene expression in liver and small intestine of apoE~/~ mice was
analyzed by real-time quantitative PCR (Taqman) assays. As
shown in Fig. 54, treatment with GW3965 led to a significant
induction in hepatic CYP7A expression in liver that persisted
after 4 weeks. Consistent with previous work, liver expression of
ABCA1 and ABCG1 was minimally affected by LXR agonist
treatment. In the intestine, strong induction of ABCA1 and
ABCG1 was observed in response to GW3965, although the
magnitude of the induction seemed to decline with time (Fig.
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5B). Indeed, after 12 weeks, only modest differences in target-
gene expression were found between control and treated groups.
Similar declines in target-gene expression with time were ob-
served in C57bl/6 and LDLR ™/~ mice (data not shown). These
observations suggest that tolerance or compensation may occur
with chronic GW3965 administration.

The marked reduction in atherosclerosis observed in mice
treated with GW3965 despite modest changes in plasma lipoprotein
levels suggests that the mechanism of this effect may involve direct
effects on cells of the artery wall in addition to effects in liver and
intestine. Although previous work has documented the expression
of ABCA1 mRNA in macrophages, expression of this protein in
cells of the artery wall has not been examined. We therefore
analyzed expression of ABCALI protein in atherosclerotic lesions.
Immunostaining of aortic root sections from LDLR =/~ mice with
purified anti-mouse ABCAL1 antibody (24) revealed significant
protein expression that largely colocalized with expression of the
macrophage marker MOMA-2 (Fig. 6). In contrast, no macrophage
staining was observed with control rabbit antibody.

Finally, we investigated the ability of GW3965 to regulate ex-
pression of cholesterol efflux genes in the aortas of apoE~/~ mice.
As shown in Fig. 74, treatment of apoE~/~ mice for 4 days with 10
mpk GW3965 led to an induction of ABCA1 and ABCG1 expres-
sion in the small intestine, but had no effect on expression of LXR«
itself. A significant induction of ABCAl and ABCGI was also
observed in the atherosclerotic aortas of apoE~/~ mice (Fig. 7B).
In contrast, expression of LXRa and CD68 was not different
between control and treated mice. Thus, LXR agonist was able to

Table 2. Plasma lipid levels in apoE~/~ mice after 12 weeks of
treatment with GW3965

12 weeks

T=0 GW3965
ApoE~/~ males Vehicle Vehicle (10 mpk)
Total cholesterol, mg/dl 300 + 20 354.5 + 21.6 339 + 16
HDL cholesterol, mg/dl 61.0 + 3.7 52.1 1.6 48.6 + 4.1
Triglycerides, mg/dl 128.7 + 6.5 190.8 = 14.0 256.0 = 21.4*
LDL cholesterol, mg/dl 199.6 = 14.2 229.8 £ 17.2 243.2 = 13.8
VLDL' cholesterol, 39.8 + 3.0 72569 47.5 + 4.0%*

mg/dl|

Body weight, g 319+ 1.8 31318
Food intake, g per 436.2 = 26.7 391.0 = 15.4

mouse

N = 9 per group. Data expressed as mean = SEM. *, P < 0.05; **, P < 0.01.
TVLDL, very-low-density lipoprotein.

induce aortic expression of ABCA1 and ABCGL further despite the
presence of baseline hyperlipidemia and atherosclerosis. The ability
of GW3965 to induce ABCAL expression in lipid-loaded macro-
phages in vitro, the expression of LXRa and ABCAL1 protein in
macrophage-derived foam cells, and the induction of ABCAl
expression in the aortas of treated mice collectively suggest that
direct effects of LXR agonists on cells of the artery wall may
contribute to their antiatherogenic effects.

Discussion

The recent characterization of LXRa and LXRp as regulators of
cholesterol absorption and reverse cholesterol transport has
generated widespread interest in the development of synthetic
LXR ligands as therapeutics. However, the observation that
short-term treatment with an LXR ligand stimulates hepatic
lipogenesis and raises triglyceride levels has raised questions as
to whether LXR agonists or antagonists might be the more
useful drug. The effects of chronic LXR agonist administration
on lipid metabolism and the development of atherosclerosis have
not been addressed previously. We have shown here that the
synthetic nonsteroidal LXR agonist GW3965 inhibits the devel-
opment of atherosclerotic lesions in two distinct murine models.
A reduction in lesion area of approximately 50% was observed
in both LDLR™/~ and apoE~/~ male mice treated with
GW3965. These observations provide direct evidence for an
atheroprotective effect of LXR agonists.

The reduction in atherosclerosis observed in LDLR ™/~ mice
was accompanied by modest (=~20%) reductions in total cho-
lesterol, but no significant change in HDL levels. Although it is
likely that alterations in plasma lipid profiles may contribute to

Fig. 4. GW3965 inhibits the development of aortic root

lesions in LDLR~/~ mice and apoE~/~ mice. n = 7 for LDLR~/~
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and n = 8 for apoE~/~.
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the beneficial effects of LXR agonist in this study, the magnitude
of the changes would seem to be insufficient to explain a 50%
reduction in lesions. In apoE~/~ mice, total cholesterol levels
and HDL cholesterol were unchanged, whereas triglycerides
were mildly increased. Despite this less favorable lipid profile,
apoE~/~ mice also showed a substantial reduction in athero-
sclerosis in response to GW3965. Although previous work has
shown that LXR ligands reduce cholesterol absorption (6), the
mechanism behind this effect is not entirely clear. Studies on
ABCAL1 knockout mice have reported that loss of this protein
does not alter cholesterol or bile acid excretion (26). Other
studies have shown that the lipoproteins primarily affected by
loss of ABCA1 expression on Western diet are HDL and
very-low-density lipoprotein (27). Thus, the effects of LXR
ligands on cholesterol absorption and lipoprotein metabolism
are likely to involve additional target genes, perhaps including
ABCGI1, ABCGS, or ABCGS8 (28).

Our observations suggest that direct effects of LXR ligands on
macrophages within the artery wall contribute to their ani-
tatherogenic effects. Consistent with this hypothesis, we have
shown that reduction of atherosclerosis in hyperlipidemic mice
correlates with the induction of genes involved in reverse
cholesterol transport in multiple tissues. In addition to inducing
ABCAL expression in intestine, GW3965 also induced ABCA1

Fig. 5. Regulation of LXR target gene expression by GW3965 in liver
and intestine in apoE~/~ mice. ApoE~/~ mice (five animals per group)
were treated for the indicated time with either vehicle or 10 mpk
GW3965. Gene expression was measured by real-time quantitative PCR
(Tagman) assays. Data are presented as mRNA expression relative to
vehicle control. SREBP-1, sterol regulatory element binding protein-1.

and ABCG1 expression in the atherosclerotic aortas of apoE~/~
mice. These results suggest that in addition to altering choles-
terol absorption from the diet, LXR agonists may promote
cholesterol efflux from lipid-loaded macrophages within athero-
sclerotic lesions. This hypothesis is supported by data showing
that GW3965 can stimulate ABCA1 expression in macrophages
preloaded with modified LDL in vitro. The studies in apoE
knockout mice demonstrate that the ability of LXR agonists to
reduce lesion formation does not depend on their ability to
regulate macrophage apoE expression. However, recent studies
indicate that LXR ligands induce expression of multiple other
apolipoproteins in macrophages that may also function as cho-
lesterol acceptors in the context of an atherosclerotic lesion (A.
Mak, B.A.L., S.B.J., P.T,, and P. Edwards, manuscript in prep-
aration). Further investigation will be required to define pre-
cisely the mechanism of action of LXR agonists on atheroscle-
rosis in the apoE~/~ and LDLR~/~ models.

Ligands for two other nuclear receptors, PPARy and RXR,
have also been shown to inhibit the development of atheroscle-
rosis in LDLR ™/~ and apoE~/~ mice (21, 29, 30). Recent work
suggests that the mechanisms of action of PPARy, RXR, and
LXR agonists may overlap. Studies have shown that RXR
ligands are capable of activating LXR/RXR heterodimers both
in vitro and in vivo. Accordingly, RXR agonists are effective

oil red-0

Fig.6. Expression of ABCA1 proteinin macrophages within
aortic lesions from LDLR~/~ mice. Aortic root sections from
LDLR~/~ mice after 12 weeks on a high-fat diet were
analyzed for ABCA1 and MOMA-2 protein expression by

7608 | www.pnas.org/cgi/doi/10.1073/pnas.112059299
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inducers of ABCA1 and ABCG1 expression in macrophages and
intestine (6, 8, 10). In addition, the LXRa gene has been shown
to be a direct transcriptional target of PPARy. Studies suggest
that PPARvy ligands can modulate ABCA1 expression and
cholesterol efflux in macrophages indirectly by increasing LXRa
expression (31, 32). However, our results differ from previous
studies with PPARy agonists in that atherosclerosis was reduced
in both male and female mice with GW3965. PPARy agonists
are also likely to have antiatherogenic effects that are indepen-
dent of LXR, such as the ability to improve insulin resistance
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