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Liver X receptors (LXRs) o and 3 are transcriptional regulators of cholesterol homeostasis and potential tar-
gets for the development of antiatherosclerosis drugs. However, the specific roles of individual LXR isotypes
in atherosclerosis and the pharmacological effects of synthetic agonists remain unclear. Previous work has
shown that mice lacking LXRo accumulate cholesterol in the liver but not in peripheral tissues. In striking
contrast, we demonstrate here that LXR0o./~apoE~/~ mice exhibit extreme cholesterol accumulation in periph-
eral tissues, a dramatic increase in whole-body cholesterol burden, and accelerated atherosclerosis. The phe-
notype of these mice suggests that the level of LXR pathway activation in macrophages achieved by LXRf and
endogenous ligand is unable to maintain homeostasis in the setting of hypercholesterolemia. Surprisingly,
however, a highly efficacious synthetic agonist was able to compensate for the loss of LXRa.. Treatment of
LXRo7/-apoE~/~ mice with synthetic LXR ligand ameliorates the cholesterol overload phenotype and reduces
atherosclerosis. These observations indicate that LXRa has an essential role in maintaining peripheral choles-
terol homeostasis in the context of hypercholesterolemia and provide in vivo support for drug development

strategies targeting LXRf.

Introduction

Cholesterol is a vital component of cell membranes, bile acids, and
steroid hormones and is therefore an essential molecule for animal
cells. However, elevated cellular levels of free cholesterol are toxic
and elevated plasma cholesterol levels increase the risk of athero-
sclerosis (1, 2). As a result, dysregulation of cholesterol homeo-
stasis at both the cellular and whole-body level is an important
contributor to human disease.

The liver X receptors (LXRo and LXRf3) are members of the nucle-
ar receptor superfamily of transcription factors. LXRf is expressed
ubiquitously, while LXRa. is predominantly expressed in tissues
and cells that play important roles in lipid homeostasis, such as the
liver, intestine, adipose tissue, and macrophages. It is now appreci-
ated that both LXR isoforms function as intracellular sensors of
cholesterol excess. The natural ligands for both LXRs include oxi-
dized derivatives of cholesterol (oxysterols), such as 22(R)-hydroxy-
cholesterol, and 27-hydroxycholesterol (3-5). Additionally, syn-
thetic LXR ligands have been described that have greater potency
and efficacy compared to physiological ligands (e.g., T0901317 and
GW3965) (6, 7). The LXR transcription factors form obligate het-
erodimers with the retinoid X receptor (RXR) and regulate target
gene expression through interaction with LXR response elements
(LXRESs) in the regulatory regions of these genes.

Previous work has demonstrated that LXRs modulate lipid
homeostasis through their participation in intestinal cholesterol
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absorption, conversion of cholesterol to bile acids, reverse choles-
terol transport, and lipogenesis (8, 9). Ligand activation of the LXRs
has been reported to decrease intestinal cholesterol absorption effi-
ciency (10, 11), induce cholesterol efflux from lipid-laden peripheral
cells such as macrophages (11-13), and negatively regulate inflam-
matory gene expression (14). Each of these effects would be predict-
ed to have a beneficial effect on the development of cardiovascular
disease. Indeed, confirmation that the LXR pathway plays a direct
role in atherosclerosis susceptibility has been obtained from several
studies using mice genetically deficient in LXR expression. LXRo,/f3
double-knockout animals exhibit increased cholesterol accumu-
lation in arterial wall macrophages on a normal chow diet (15).
Knockouts of the individual LXRs alone do not display this pheno-
type, however, indicating that the 2 isotypes can compensate for one
another and maintain peripheral cellular cholesterol homeostasis
under these conditions. Additional studies have demonstrated that
the elimination of both LXRa and LXR in the bone marrow com-
partment results in accelerated atherosclerosis in both spontaneous
(apoE~") and diet-induced (Ldlr~-) models of the disease (16). On
the other hand, activation of LXRs by synthetic agonists has been
shown to provide protection against lesion development and to
cause regression of established lesions in these models (17-19).
Previous observations that both LXRo and LXRf regulate
expression of ATP-binding cassette transporter Al (Abcal), Abcgl,
and other target genes in macrophages have supported the view
that the 2 LXRs are functionally redundant with respect to the
cholesterol efflux pathway (11-13, 15, 20-22). For example, mice
lacking LXRo. accumulate cholesterol ester in their livers due to a
deficiency in Cyp7A expression but do not accumulate appreciable
levels of cholesterol in peripheral macrophages (22). Furthermore,
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Accumulation of lipid in the peripheral tissues of LXRa"-apoE~- mice. (A) apoE~- and LXRa-apoE~- mice at 34 weeks of age; the double-
knockout mouse exhibits marked skin thickening and alopecia. (B and C) Histological analysis of tissues from representative apoE~- and
LXRa-apoE~- mice at 34 weeks of age. There was increased lipid accumulation in the tissues from the double-knockout mice as revealed by
H&E (B) and oil red O (C) staining. Original magnification is as indicated. (D) Lipid accumulation in the skin occurs primarily in macrophages as

revealed by oil red O and CD68 costaining.

previous studies addressing the role of the LXRs in atherogenesis
have focused solely on the consequence of loss of both LXRa and
LXR. As a resul, the specific roles of individual LXRs in whole-
body cholesterol metabolism and atherosclerosis remain unclear.
The question of whether LXRa and LXR have similar roles in the
context of atherosclerosis is particularly important, since current
strategies for LXR-targeted antiatherogenic drugs are focused on
the development of LXR-selective ligands (23, 24). The rationale
for this approach is the hypothesis that LXRa and LXRf are equal-
ly effective in promoting cholesterol efflux in macrophages, while
LXRa is the primary isotype responsible for the undesirable effects
of LXR agonist on plasma triglyceride levels (7, 22, 25). Using
LXRa. single-knockout animals, both Quinet et al. and Lund et al.
demonstrated that activation of LXRf with an LXRa,/p dual ago-
nist can stimulate cholesterol efflux and increase HDL-cholesterol
levels in mice without raising triglyceride levels (23, 24). However,
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whether selective activation of LXRf impacts the development of
cardiovascular disease remains unclear.

We demonstrate here that the LXRa. isotype plays a critical role
in maintaining whole-body cholesterol homeostasis in the context
of hypercholesterolemia. Unexpectedly, mice lacking both LXRa
and apoE (LXRa7~apoE~~ mice) exhibited massive cholesterol
accumulation in peripheral tissues, increased whole-body cho-
lesterol burden, and accelerated atherosclerosis. We further show
that a highly efficacious synthetic agonist is able to compensate
for the loss of LXRa and reduce atherosclerosis in LXRar/~apoE~~
mice, providing in vivo validation for the pursuit of LXRB-specific
ligands for the treatment of atherosclerosis.

Results
LXRo/~apoE~~ mice exhibit extreme cholesterol accumulation in periph-
eral tissues. To investigate the specific role of LXRa: in whole-body
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Figure 2

Quantification of cholesterol levels in tissue, whole mouse, and plasma. (A) Total liver and skin cholesterol levels of apoE~- and LXRo-apoE~-
mice at 34 weeks of age. Data are expressed as mean + SEM. n = 5 per group. P value is indicated. (B) Whole-body cholesterol levels of
apoE-- or LXRo-apoE~- mice at 25 weeks of age. n = 4 per group. P value is indicated. (C) Total plasma cholesterol levels of apoE~- or
LXRa-apoE~- mice at 14 and 34 weeks of age. Data are expressed as mean + SEM. n = 9—15 per group. (D) Fast protein liquid chromatog-
raphy (FPLC) analysis of plasma cholesterol content of apoE~- or LXRo/-apoE~- mice at 14 weeks of age. Fasting plasma samples from 5
mice of each genotype were pooled for this analysis. (E) Expression of LXR target genes in peritoneal macrophages isolated from apoE~- or
LXRa-apoE~- mice. DMSO (D), 22(R)-, 20a.-, and 27-hydroxycholesterol were used at 3 uM, and GW3965 (GW) was used at 1 uM. PLTP,

phospholipid transfer protein.

cholesterol homeostasis and atherosclerosis, we generated mice
that lack expression of both LXRa and apoE (LXRo/~apoE~~
mice). apoE-deficient mice develop spontaneous hyperlipidemia
and provide a widely utilized model for atherosclerosis. We chose
to disrupt LXRa expression so that ligand studies focused on
targeting endogenous LXRP could be undertaken (see below).
Unexpectedly, although LXRa and LXRp have been reported to
compensate for one another in macrophages in mice with normal
plasma cholesterol levels, we found that LXRf cannot adequately
compensate for the loss of LXRa in the context of the hyper-
cholesterolemic apoE~~ background. As the LXRo./~apoE~~ mice
aged, they exhibited marked skin thickening and alopecia com-
pared with control apoE~~ mice (Figure 1A). The thickened skin
was located predominately on the neck, limbs, and abdomen of
all mice, although the extent of thickening and alopecia varied.
Similar to that of other animal models of hypercholesterolemia
(26-29), this phenotype is due in large measure to extreme accu-
mulation of lipid within the skin. Lipid accumulation in LXRo/~
apoE~/~ mice was apparent in both H&E- and oil red O-stained
sections (Figure 1, B and C). Furthermore, the skin of LXRa7/~
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apoE~~ mice displayed an expanded dermis that was infiltrated
with lipid-laden macrophages and cholesterol crystals. Confir-
mation that the intracellular lipid was located primarily within
dermal macrophages was obtained by staining skin sections with
the macrophage surface antigen CD68 (Figure 1D). In addition
to skin, lipid accumulation in macrophages was also observed in
other peripheral organs from LXRa/~apoE~/~ mice, such as the
lymph nodes and spleen (Figure 1, B and C). It is important to
note that these phenotypes of alopecia, skin thickening, and foam
cell accumulation were not observed in even very old (older than 1
year) wild-type or LXRo7~ mice (data not shown).

Quantification of tissue lipid levels demonstrated that the skin
of the LXRo./~apoE~~ mice had dramatically increased total choles-
terol content compared with that of apoE~~ controls (Figure 2A).
Consistent with these observations, whole-body cholesterol levels
in the LXRa/~apoE~7~ mice were extraordinarily elevated (Figure
2B). In striking contrast to the tissue cholesterol levels, however,
plasma cholesterol levels (Figure 2C) and fast protein liquid chro-
matography (FPLC) lipoprotein profiles (Figure 2D) did not differ
not significantly between the genotypes.
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LXRa and LXRf are known to participate in reverse cholesterol
transport by promoting cholesterol efflux from macrophages
through the expression of genes such as the transporters Abcal
and Abcgl. The above observations point to a potential defect in
this pathway in LXRo./~apoE~~ mice. The phenotype of these mice
suggests that cholesterol is not being properly effluxed from mac-
rophages into the blood for return to the liver. Despite a marked
accumulation of cholesterol in peripheral tissues, we did not
observe significant defects in the expression of these transporters
in the liver, lung, spleen, or skin in the LYRa/~apoE~~ mice com-
pared with controls (data not shown). However, subtle defects in
the expression of these transporters in macrophages within these
organs may be difficult to detect, since macrophages constitute
only a small percentage of cells in these organs. To further address
this issue, we examined the expression of ABCA1 and ABCG1 in
peritoneal macrophages isolated from LXRo/~apoE~~ and apoE~/~
mice treated with endogenous or synthetic LXR ligands (Figure
2E). In all cases, we observed a fractional decrease in the ligand-
mediated upregulation of these transporters in macrophages iso-
lated from LXRo/~apoE~~ mice compared with controls. Defects in
expression were also seen for additional LXR target genes involved
in reverse cholesterol transport, including lipoprotein lipase (LPL)
and the phospholipid transfer protein (PLTP). These results are
consistent with previous studies that have reported gene dosage-
dependent effects on the expression of some LXR target genes in
isolated primary macrophages (30). Interestingly, in the absence
of apoE, which is thought to be an important acceptor in ABCA1-

14 wk

34 wk

mediated cholesterol efflux, other apolipoproteins in this gene clus-
ter, such as apoClI, continue to be induced by ligand. As expected,
SPo/AIM, an LXRa-specific target gene, was not regulated in mac-
rophages isolated from LXRo/~apoE~~ mice.

LXRo/~apoE~~ mice exhibit accelerated atherosclerosis. The massive
cholesterol accumulation observed in the peripheral tissues of
the LXRo/~apoE~~ mice suggested that the loss of LXRa on this
background might also lead to the accumulation of foam cells in
the artery wall and exacerbated atherosclerosis. To quantify ath-
erosclerosis development, en face lesion analysis was performed
on aortas from mice at both 14 and 34 weeks of age. As expected,
the extent of aortic lesion coverage in control mice increased with
age (approximately 7.5-fold; Figure 3A). This was also observed
in the LXRa/~apoE~~ mice, with aortic lesion coverage increasing
approximately 9-fold. More importantly, the LXRo/~apoE~~ mice
exhibited a 2-fold increase in atherosclerotic lesions throughout
the aorta compared with control mice at 14 weeks of age and a
2.4-fold increase at 34 weeks of age. Similar results were obtained
when atherosclerosis in these mice was assessed by quantification
of oil red O-stained aortic root sections (Figure 3B). Although
there was a 2-fold increase in lesion area in the LXRa/~apoE~~ mice
compared with control mice at 14 weeks of age, this difference did
not reach significance due to the small sample size for one of the
genotypes. However, at 34 weeks of age, there was a highly sig-
nificant, 3-fold increase in lesion area in the LYRa/~apoE~/~ mice
compared with controls. The above results clearly demonstrate
that in the genetic absence of LXRa, the level of LXR pathway

En face B Aortic root sections
a5 P=0.0497 P=0.0212
| P=0.0017l I I
el P = 0.000092 — 8000007 I%I
Figure 4 %; w -§ 700000 | P=0.053
Treatment of apoE~- and LXRa - ol 4 3 600000 | A
apoE- mice with synthetic LXRligand & 80 A 2
reduces atherosclerosis. All mice 8 254 P 0.000016 A \% 500000 A
were 14 weeks of age and were fed S 204 ; 189 @ 400000
a Western diet (WD) with or without 2 A 3 % P=0004 4
GW3965 for 11 weeks. (A) Analysis o B * s 300000 - 259067 A
of atherosclerotic lesions as quanti- 'g 104 115 & 200000 % T _‘_174518
tated by en face analysis. n = 14-15 < 50 _i_ s 118375 A
per group. (B) Analysis of aortic root 51 -‘- a0 1000001 T _*_67875 4 4
lesions. n = 14-15 per group. P val- 0 4
ues are indicated. Horizontal lines WD WD+GW WD WD+GW WD WD+GW WD  WD+GW
indicate mean values. apoE—"- LXRo"-apoE—" apoE~- LXRa"apoE~"-
2340 The Journal of Clinical Investigation  http://www.jci.org  Volume 117  Number8  August 2007



Table 1

Plasma lipid levels of 14-week-old apoE~-and LXRo:7-apoE-~ mice maintained for 11 weeks on a Western diet

in the presence or absence of GW3965

apoE-
WD WD + GW
Total cholesterol, mg/dl 1,739.8+939  1,235.8+95.04
HDL cholesterol, mg/dI 20.8+1.2 31.3£2.4~
Unesterified cholesterol, mg/dl 675.9 + 34.6 425 £ 34.7A

Data are expressed as mean + SEM. AP < 0.005. BP < 0.05. n = 15-18 per group. GW, GW3965; WD, Western diet.

activation achieved by LXR and endogenous ligand is unable to
maintain homeostasis in the setting of the apoE-null background.
Moreover, the increased atherosclerosis in these mice is consistent
with an inability of macrophages to efficiently efflux cholesterol
through the LXR pathway. It is also important to note that whole-
body cholesterol burden, but not plasma cholesterol levels, cor-
related with extent of atherosclerosis in the LXRa/~apoE~~ mice
(Figure 2B and Figure 3A).

Ligand activation of LXR[ reduces atherosclerosis in LXRo/~apoE~~ mice.
Although endogenous ligand acting on LXRf} was unable to pro-
vide sufficient efflux activity to maintain homeostasis in LXRo. 7/~
apoE~7~ mice, we asked whether a highly efficacious synthetic LXR
agonist could alleviate cholesterol overload and provide antiath-
erogenic effects in this setting. This is a particularly important
question, since current strategies for LXR-targeted antiatherogen-
ic drugs are focused on the development of LXRf-selective ligands
(23, 24). Analysis of gene expression in peritoneal macrophages
confirmed that the synthetic LXR agonist GW3965 was more effi-
cacious than the endogenous activators 22(R)-hydroxycholesterol,
200-hydroxycholesterol, and 27-hydroxycholesterol with respect to
induction of LXR target genes (Figure 2E). To evaluate the activity
of GW396S in vivo, control and LXRo/~apoE~/~ mice were placed
on a Western diet or Western diet supplemented with GW3965
(20 mg/kg/d) from the time they were weaned (3 weeks old) until
they were sacrificed. En face analysis was performed to quantify
atherosclerosis development in mice that were fed Western diet
with or without LXR ligand. Consistent with the results obtained
on the normal chow diet (Figure 3), LYRa 7/ apoE~~ mice fed a
Western diet exhibited a 2-fold increase in atherosclerotic lesion
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area throughout the
aorta compared with
apoE~/~ control mice
(Figure 4A). Important-

LXR--apoE-+ ly, GW3965 administra-

WD WD + GW tion significantly inhib-
17211+151.6  1,293.8 + 88.58 ited the development of
214+16 29.9 +2.0A atherosclerotic lesions
61294648 4567 +31.18 in both the apoE~~ and

LXRo/~apoE~~ mice (by
56% and 39%, respec-
tively), indicating that
targeting LXRP with
GW3965 is able to compensate for the loss of LXRat and reduce
atherosclerosis in LYRa/~apoE~~ mice. Comparable results were
obtained when atherosclerosis in these mice was assessed by quan-
tification of oil red O-stained aortic root sections (Figure 4B).
Again, significant decreases in lesion area were observed in both
apoE~~and LXRo/~apoE~~ mice treated with LXR ligand (43% and
33% reduction, respectively). Consistent with previous studies,
GW3965 treatment resulted in a decrease in total and unesterified
cholesterol levels and an increase in HDL-cholesterol levels in both
genotypes (Table 1). Additionally, although ligand administration
resulted in a significant increase in plasma triglyceride levels in
apoE~~ control mice, no significant effect was observed in the
absence of LXRal (Figure 5, A and B). These observations provide
the first evidence to our knowledge that pharmacologic activation
of LXRf alone can inhibit the development of atherosclerosis.
Ligand activation of LXR[ reverses cholesterol overload and decreases
inflammation. The observation that atherosclerosis was signifi-
cantly reversed by GW3965 led us to ask whether this correlated
with changes in whole-body cholesterol levels. Consistent with the
results obtained with mice fed a normal chow diet, there was a
dramatic (~2.5-fold) increase in whole-body cholesterol burden in
LXRo/~apoE~/~ mice on a Western diet compared with apoE~~ con-
trols (Figure 6A). Furthermore, administration of the synthetic
LXR ligand led to a comparable reduction in whole-body choles-
terol levels in both apoE~~ mice and LXRa”~apoE~7~ mice (although
the reduction in the latter group did not achieve statistical sig-
nificance). As the dramatic skin phenotype of LYRo.”/~apoE~~ mice
(Figure 1) does not become apparent until later than the 14-week
time point chosen for the atherosclerosis studies, it was not pos-
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Triglyceride levels in apoE~-and LXRa"-apoE-- mice treated with synthetic LXR ligand. Mice were gavaged with either vehicle (Veh) or GW3965
(GW) once a day for 3 days. (A) Plasma triglyceride levels were determined for individual mice using an enzymatic assay. Data are expressed
as mean = SEM. n = 4 per group. P value is indicated. (B) Plasma samples were pooled, and FPLC analysis was conducted. n = 4 per group.
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Treatment of apoE~- and LXRa"-apoE~- mice with synthetic LXR ligand ameliorates the cholesterol overload phenotype. (A) Whole-body cho-
lesterol levels of apoE~- or LXRo-apoE~ mice at 25 weeks of age that have been fed a Western diet with or without GW3965 for 22 weeks.
n = 3-5 per group. P values are indicated. (B) apoAl- and HDL-specific cholesterol efflux from peritoneal macrophages isolated from apoE~- or
LXRa-apoE~- mice and treated with DMSO or GW3965. Experiments were conducted in quadruplicate. Data are expressed as mean = SEM.
***P < 0.0005. (C) Basal gene expression in peritoneal macrophages isolated from mice fed a Western diet for 10 days. Data are expressed as
mean + SEM. n = 3 per group. *P < 0.05. (D) Total liver cholesterol levels of apoE~- or LXRo-apoE~- mice fed a Western diet with or without
GW3965. Data are expressed as mean + SEM. n = 5-8 per group. *P < 0.05.

sible to determine whether this phenotype was reversed by LXR
agonist. However, since a very large fraction of excess cholesterol
accumulates in skin (Figure 2A), and since whole-body cholesterol
burden was reduced by agonist, it is very likely that cholesterol
accumulation in skin was reduced in agonist-treated mice.

To address whether ligand administration was alleviating
cholesterol overload by inducing reverse cholesterol transport,
we performed efflux assays. GW3965 was capable of inducing
apoAl- and HDL-specific efflux in peritoneal macrophages from
both LXRa/~apoE~~ mice and apoE~/~ controls, which may par-
tially explain the antiatherogenic effects of ligand treatment (Fig-
ure 6B). Despite the fractional decrease in the expression of genes
involved in reverse cholesterol transport observed in response to
synthetic agonist, in vitro efflux assays did not demonstrate a
functional difference between genotypes. However, the sensitivity
of this assay is very low, with only a 2- to 3-fold increase in efflux
observed with synthetic LXR agonist. Clearly, LXRo./~apoE~~ mac-
rophages in vivo have a marked defect in efflux, because they
accumulate more cholesterol than apoE7~ controls in the face of
similar plasma cholesterol levels.

Analysis of basal LXR target gene expression in freshly isolated
peritoneal macrophages from Western diet-fed mice also support-
ed a cholesterol efflux defect in LYRo.7-apoE~-macrophages. Basal
expression of Abcal, Abcgl, and Lpl was modestly but significantly
higher in LXRo/~apoE~~ cells compared with apoE~~ controls, con-
sistent with the chronic accumulation of elevated levels of oxysterol
LXR activators within these cells (Figure 6C). This compensatory
increase in LXR target gene expression in cells with defects in the
cholesterol efflux pathway is similar to that recently observed in
2342
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Abcgl~~ macrophages in vivo (31, 32). In the setting of short-term
oxysterol ligand treatment, apoE~~ cells are more responsive to
ligand than LXRa7/~apoE~~ cells (Figure 2E). In the face of chronic
hypercholesterolemia, however, apoE7~ macrophages are able to
maintain cholesterol homeostasis and clear the excess cholesterol
through the LXR pathway, whereas cholesterol slowly builds up in
LXRo/~apoE~~ cells and the level of LXR target gene activation by
endogenous ligand is unable to keep up with this burden.

The increase in reverse cholesterol transport of cholesterol from
the periphery to the liver in LXRa7/-apoE~~ mice treated with
GW3965 did not result in an increase in hepatic cholesterol con-
tent (Figure 6D), indicating that the ability to remove cholesterol
from the body is preserved in ligand-treated LXRo/~apoE~~ mice.
Although formal studies of cholesterol secretion were not per-
formed, gene expression studies indicated that basal expression of
hepatic ABCA1, ABCGS, ABCG8, and CYP7A1 was not defective in
LXRo/~apoE~”~ mice compared with apoE~~ mice (Figure 7A). Con-
sistent with previous work, synthetic LXR agonist failed to induce
expression of Abcal, Abcgl, and Cyp7al in the LXRo/~apoE~~ mice
(24, 33). The preserved response of ABCAL to ligand is likely due
to the prominent expression of this gene in Kupffer cells, which,
in contrast to hepatocytes, express high levels of both LXRa and
LXRp. As expected, expression of the LXRa-selective target gene
SPa was severely compromised in LYRa7/~apoE~~ mice. It is also
worth noting that the LYRo/~apoE~~ mice did not show a com-
pensatory increase in hepatic or intestinal expression of LXRf
(Figure 7, A and B).

Previous studies have demonstrated that LXR activation decreas-
es intestinal absorption of cholesterol through the induction of
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Gene expression in the liver, intestine, and peritoneal macrophages from apoE~- or LXRo-apoE~- mice. (A and B) Mice were gavaged with

either vehicle or GW3965 once a day for 3 days. Liver (A) and intestine

(B) RNA was isolated, and real-time PCR was conducted for the listed

genes. Data are expressed as mean + SEM. n = 4 per group. *P < 0.05; **P < 0.005. (C) Peritoneal macrophages were treated with DMSO or
GW3965 in the presence or absence of LPS. RNA was isolated, and real-time PCR was conducted for the listed genes.

ABC transporters (11, 33). Recent studies have also indicated that
the intestine may play a role as an excretory organ in reverse choles-
terol transport (34, 35). In contrast to those in the liver, where loss
of LXRa expression compromises response to LXR agonist, target
genes in the intestine were highly responsive to synthetic ligand in
both apoE7~ and LXRo/~apoE~/~ mice (Figure 7B). This observa-
tion, coupled with the fact that treatment with LXR agonist led to
a decrease in plasma cholesterol levels in both genotypes (Table 1),
strongly suggests that the intestine may be an important contribu-
tor to the therapeutic effects of agonist in LYR0.”~apoE~~ mice.

Previous work has also demonstrated that LXR ligands nega-
tively regulate inflammatory gene expression (14). To determine
whether LXRf alone is capable of reducing cytokine production in
the absence of apoE, peritoneal macrophages from LXRo/~apoE~
and control mice were treated with LPS in the presence or absence
of GW3965. Consistent with previous results, ligand activation of
LXRp efficiently inhibited the expression of iNOS, IL6, and IL1B
(Figure 7C). Thus, it is possible that decreases in inflammatory
gene expression mediated by LXRPB may also contribute to the
reduction in atherosclerosis observed in LXRa/~apoE~~ and con-
trol mice treated with the synthetic LXR agonist.

Discussion

The relative importance of the 2 LXRs in atherosclerosis suscep-
tibility and treatment has not to our knowledge been addressed
previously. Prior in vivo studies of the role of LXRs in cardiovascu-
lar disease have focused solely on mice or cells lacking both LXRa
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and LXRP. Consequently, the question of whether LXRa and
LXRf have nonredundant roles in the control of the macrophage
cholesterol efflux pathway and foam cell formation in the context
of hypercholesterolemia have remained unclear. We have shown
here that LXRa is essential for maintenance of whole-body cho-
lesterol homeostasis and peripheral cholesterol efflux in the con-
text of the hypercholesterolemic apoE~~ background. Mice lacking
both LXRo and apoE display massive cholesterol accumulation in
peripheral tissues, increased whole-body cholesterol burden, and
accelerated atherosclerosis. Intriguingly, whole-body cholesterol
levels, which are normally very tightly regulated, were increased
by more than 100% in the LXRa7-apoE~~ mice. Moreover, this
increased whole-body cholesterol burden correlated closely with
increased susceptibility to atherosclerosis. These observations
strongly suggest that while the activity of a single LXR is sufficient
to maintain homeostasis when plasma cholesterol levels are low,
the activity of both LXRa and LXR@ is essential for the ability to
respond to the challenge of hypercholesterolemia.

Interestingly, the phenotype of the LXRo/~apoE~~ mice dif-
fers markedly from that of the LXRo/~ mice fed a cholesterol-
rich diet (22). LYRo/~ mice fed a cholesterol-rich diet accumu-
late large amounts of cholesterol in the liver and rapidly develop
hepatic failure. This phenotype is due in part to the inability of
LXRo:”/~ mice to induce the expression of the rate-limiting enzyme
in bile acid synthesis, CYP7A1. In LXRa/~ mice, cholesterol does
not accumulate in the peripheral tissues, presumably because
it is removed by the reverse cholesterol transport pathway and
Volume 117 2343
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returned to the liver. We postulate that the activity of LXRf is
sufficient to activate macrophage target gene expression and pro-
mote effective cholesterol efflux in LYRo”~ mice (22). By contrast,
the phenotypes of the LYRa/~apoE~~ mice are consistent with
defects in the cellular cholesterol efflux and reverse cholesterol
transport pathways. Ablation of apoE expression impairs the abil-
ity of apoE-containing lipoproteins to be taken up by the liver,
and this likely explains why hepatic cholesterol content was not
different in apoE~~ and LXRo/~apoE~~ mice. At the same time,
the apoE mutation presents the challenge of severe hypercholes-
terolemia to peripheral tissues. In LYRo/~apoE~/~ mice, it appears
that the activity of LXRp on the efflux pathway is not sufficient
to handle the massive cholesterol burden, despite the presence of
endogenous ligands. Cholesterol is not efficiently transferred to
HDL and returned to the liver, so the majority of the cholesterol
is retained in macrophages within peripheral tissues.

We have considered the possibility that there may be LXRa-specif-
ic target genes whose protein products provide specific antiathero-
genic effects, and this possibility cannot be entirely excluded. How-
ever, the observation that ligand activation of LXRf can ameliorate
the enhanced atherosclerosis seen in LXRo7~apoE~~ mice argues
against this interpretation. The fact that pharmacologic activation
of LXRP can overcome the deficit in LXRa activity suggests that
the relevant target genes involved must respond to both receptors.
Quantitatively decreased expression of LXR target genes such as
ABCA1, ABCG1, LPL, and PLTP, which are known to be involved
in reverse cholesterol transport, provides a straightforward explana-
tion for the accumulation of cholesterol in the peripheral tissues of
LXRou/~apoE~”~ mice. An alternative possibility is that the combined
loss of apoE and LXRa. expression in macrophages has a synergis-
tic inhibitory effect on cholesterol efflux. The apoE gene is itself a
direct target for LXR in macrophages and has been proposed to have
an important role in cellular cholesterol efflux (30). apoE can serve
as an acceptor for effluxed cholesterol and may also be involved in
intracellular cholesterol trafficking (36-40). The observation that
basal expression of LXR target genes is modestly elevated in macro-
phages from LXRo7/~apoE~~ mice maintained on a Western diet is
consistent with a defect in the efflux pathway. Interestingly, similar
compensatory changes are observed in macrophages lacking the
LXR target gene ABCG1 (31, 32). In the future, it will be of interest
to determine whether combined loss of LXRf and apoE or of LXRs
and the LDL receptor in mice lead to similar phenotypes.

The ability of the LXRs to induce macrophage cholesterol efflux
and to inhibit inflammatory gene expression has generated wide-
spread interest in these proteins as potential targets for atheroscle-
rosis therapy. Although synthetic LXR ligands have been shown
to have beneficial effects on atherosclerosis development in mice,
these agents also increase triglyceride levels, which are an inde-
pendent risk factor for atherosclerosis. LXRa is the predominant
LXR expressed in liver, and the ability of LXR agonist to stimu-
late hepatic lipogenesis is thought to result primarily from LXRa.
regulation of SREBP1c and Fas expression (41-43). The relative
importance of LXRo in the liver has stimulated an interest in the
development of LXRf-selective agonists as potential atherosclero-
sis therapeutics. However, the question of whether activation of
the LXRP pathway is sufficient to reduce atherosclerosis has not
been addressed. We have demonstrated here that the nonselective
synthetic agonist GW3965 is able to reduce whole-body choles-
terol levels and atherosclerosis in LYRo./~apoE~”~ mice through the
targeting of LXRP. Clearly, the increased potency of the synthetic
2344
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ligand compared with endogenous ligand provided sufficient
LXRp activation to compensate for the loss of LXRa. Importantly,
this occurred without an increase in plasma triglyceride levels.
Although GW3965 did not completely reduce disease burden to
a level comparable to that in apoE~~ mice (Figure 4), it is possible
that maximal LXRf} agonism may require a higher dose of ligand.
Alternatively, as discussed above, it is also possible that there may
be some LXRa-specific effects that cannot be compensated for by
LXRP. Finally, it is also possible that this simply reflects the fact
that mice were only treated with agonist for part of their life (from
3 to 14 weeks of age). Perhaps treatment from birth would have led
to further reductions in lesion formation. Nevertheless, the results
presented here provide strong support for LXRf as a potential tar-
get for the treatment of atherosclerosis.

Methods
Reagents. The synthetic LXR ligand GW3965 was provided by T. Willson
(GlaxoSmithKline). 22(R)- and 20a-hydroxycholesterol were from Sigma-
Aldrich and 27-hydroxycholesterol was from Research Plus. apoAI and
HDL were from Intracel.

Animals and diets. All animals (Sv129 and C57BL/6 background) were
housed in a temperature-controlled room under a 12-hour light/12-hour
dark cycle and under pathogen-free conditions. LYRot”/~ mice were origi-
nally provided by David Mangelsdorf, University of Texas Southwestern
Medical Center, Dallas, Texas, USA. apoE7/~ mice were from The Jackson
Laboratory. Males were used in all experiments and were fed either stan-
dard chow, Western diet (21% fat, 0.21% cholesterol; D12079B; Research
Diets Inc.), or Western diet supplemented so that mice received 20 mg/kg/d
of GW3965, as indicated. For the set of mice that were placed on a West-
ern diet with or without GW39685, this was done from the time they were
weaned (3 weeks old) until they were sacrificed. For gavage experiments,
mice were gavaged with either vehicle or 20 mg/kg of GW3965 once a day
for 3 days. Tissues and blood were harvested 4 hours after the last gavage.
All animal experiments were approved by the Institutional Animal Care
and Research Advisory Committee of the UCLA.

Whole-body cholesterol analysis. Analysis was conducted as previously
described (29). Briefly, after a mouse was euthanized, the gastrointestinal
(GI) tract was removed and the contents were washed out. Each mouse
and cleaned GI tract was placed in a 250-ml Pyrex beaker containing 10 g
KOH and 150 ml ethanol. The beaker was covered with aluminum foil,
and the carcass was allowed to autodigest for 4 days at room temperature.
The contents of the beaker were then stirred on a hot plate until the etha-
nol volume decreased to 50 ml. The contents were filtered into a 100-ml
volumetric flask using 2 layers of stretched gauze over a glass funnel. The
flask was allowed to cool, and the volume was adjusted to 100 ml with
ethanol. The flask was inverted to mix the contents evenly, and the choles-
terol content was determined using a commercially available enzymartic kit
(Sigma-Aldrich). Data are expressed as milligrams of cholesterol per 100
grams of body weight.

Tissue and plasma lipid analysis. Lipids were extracted from tissues using the
Folch method (44, 45). Briefly, chloroform extracts were dried under nitro-
gen and resolubilized in water. Cholesterol content was determined using a
commercially available enzymatic kit (Sigma-Aldrich). Data are expressed as
milligrams of cholesterol per gram of tissue weight. For plasma lipid analy-
sis, mice were fasted overnight and euthanized. Blood was collected from
the abdominal vena cava. Aliquots of plasma were analyzed for cholesterol
content as described previously (17). Plasma lipoproteins that were fraction-
ated using an FPLC system were processed as previously described (46).

Histological and lesion analysis. Immunohistochemistry of skin sections and
preparation and staining of frozen and paraffin-embedded sections from
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tissues were performed as described previously (47, 48). Atherosclerosis
in the aortic roots and the descending aortas (en face) were quantified by
computer-assisted image analysis as described (49). Atherosclerotic lesions
at the aortic valve were analyzed as described (50). Comparisons between
groups were made using the Student’s ¢ test for independent samples
(2 tailed). P less than 0.05 was considered significant.

RNA isolation and analysis. Total RNA was isolated from tissues using
TRIzoL (Invitrogen). One microgram of total RNA was reverse transcribed
with random hexamers using the Tagman Reverse Transcription Reagents
Kit (Applied Biosystems). Sybergreen (Diagenode) real-time quantitative
PCR assays were performed using an Applied Biosystems 7900HT sequence
detector. Results show averages of duplicate experiments normalized to
36B4. The primer sequences were as follows: ABCA1 forward, 5'-GGTTT-
GGAGATGGTTATACAATAGTTGT; ABCA1 reverse, 5'-CCCGGAAAC-
GCAAGTCC; ABCG1 forward, S'-TCACCCAGTTCTGCATCCTCTT;
ABCG1 reverse, S'-GCAGATGTGTCAGGACCGAGT; ABCGS forward,
S'-TGGATCCAACACCTCTATGCTAAA; ABCGS5 reverse, 5'-GGCAG-
GTTTTCTCGATGAACTG; ABCGS8 forward, 5'"TGCCCACCTTCCA-
CATGTC; ABCGS reverse, 5'-ATGAAGCCGGCAGTAAGGTAGA; LPL
forward, 5'-GTGGCCGAGAGCGAGAAC; LPL reverse, 5'-AAGAAGGAG-
TAGGTTTTATTTGTGGA; PLTP forward, S'-GGAGGGTGTGTCCATCC-
GA; PLTP reverse, 5'-CCCCGAAGGCCATATTCATTTTA; apoClI forward,
5'-AAGGAGAAGTTGAAGACCACGTTC; apoCl reverse, 5'-GATGTCCTT-
GATGCTTCGAGG; Spa forward, 5'-TTTGTTGGATCGTGTTTTTCA-
GA; Spa reverse, 5'-CTTCACAGCGGTGGGCA; Cyp7al forward,
5'-AGCAACTAAACAACCTGCCAGTACTA; Cyp7al reverse, 5'-GTCCG-
GATATTCAAGGATGCA; LXRf forward, 5'-CCCCACAAGTTCTCTGGA-
CACT; LXRp reverse, 5" TGACGTGGCGGAGGTACTG; iNOS forward,
5'-GCAGCTGGGCTGTACAAA; iNOS reverse, 5'-AGCGTTTCGGGATCT-
GAAT; IL-6 forward, 5'-CTGCAAGAGACTTCCATCCAGTT; IL-6 reverse,
5'-GAAGTAGGGAAGGCCGTGG; IL-1p forward, 5'-AGAAGCTGTG-
GCAGCTACCTG; IL-1f reverse, 5'-GGAAAAGAAGGTGCTCATGTCC.

Peritoneal macrophages. Peritoneal macrophages were obtained from thio-
glycollate-treated mice 4 days after injection. For gene expression studies,
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cells were placed in DMEM plus 0.5% FBS plus 5 uM simvastatin plus
100 uM mevalonic acid overnight. Cells were then treated with DMSO or
ligand for LXR as indicated for 24 hours. Total RNA was extracted and
analyzed by real-time PCR. For cholesterol efflux assays, peritoneal cells
were labeled with [3H|cholesterol (1.0 uCi/ml) in the presence of acyl-CoA:
cholestrol O-acyltransferase inhibitor (2 ug/ml) either with DMSO or with
ligand for LXR (1 uM GW3965). After equilibrating the cholesterol pools,
cells were washed with PBS and incubated in DMEM containing 0.2% BSA
in the absence or presence of apoAl (15 ug/ml) or HDL (50 ug/ml) for
6 hours. Radioactivity in the medium and total cell-associated radioactiv-
ity was determined by scintillation counting. The assays were performed
in quadruplicate and are presented as percentage apoAl- or HDL-specific
efflux. For macrophage inflammatory responses, peritoneal cells were
placed in DMEM plus 0.5% FBS plus 5 uM simvastatin plus 100 uM meva-
lonic acid overnight. Cells were then stimulated with DMSO or ligand for
LXR (1 uM GW3965) for 24 hours. Cells were then treated with or with-
out LPS (100 ng/ml) for 5 hours. Total RNA was extracted and analyzed
by real-time PCR.
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