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Abstract The liver X receptors a and 3 (LXRa and LXRf3)
have been shown to play important roles in lipid homeosta-
sis in liver and macrophages, however, their function in adi-
pose tissue is not well defined. Both LXRs are highly ex-
pressed in fat, and the expression of LXRa«a increases
during adipogenesis. Furthermore, LXRa expression is
induced by peroxisome proliferator-activated receptor <y
(PPARY), the master regulator of fat cell differentiation.
Here we investigate the role of LXRs in adipocyte differen-
tiation and gene expression and their potential crosstalk
with the PPARy pathway. We demonstrate that LXR agonists
have no significant effect on the differentiation of 3T3-
F442A or 3T3-L1 preadipocytes in vitro and do not alter the
expression of differentiation-linked PPARY target genes in
vivo. Moreover, retroviral expression of LXRa in NIH-3T3
cells does not alter the adipogenic potential of these cells
and neither augments nor inhibits the action of PPARYy.
However, transcriptional profiling studies reveal that LXRs
are important regulators of adipocyte gene expression. We
identify the multifunction lipid carrier protein apolipopro-
tein D and the lipogenic protein Spot 14 as LXR responsive
genes both in vitro and in vivo.BR Thus, although LXRs do
not influence adipocyte differentiation per se, these recep-
tors are likely to play an important role in the modulation of
lipid metabolism in adipocytes.—Hummasti, S., B. A. Laf-
fitte, M. A. Watson, C. Galardi, L. C. Chao, L. Ramamurthy,
J. T. Moore, and P. Tontonoz. Liver X receptors are regula-
tors of adipocyte gene expression but not differentiation:
identification of apoD as a direct target. J. Lipid Res. 2004.
45: 616-625.
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Adipose tissue plays a central role in energy homeosta-
sis, storing energy in times of nutritional abundance and
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releasing it in times of nutritional deprivation (1). Obe-
sity, the excessive accumulation of adipose tissue, is an
established risk factor for heart disease and noninsulin-
dependent diabetes mellitus. On the other hand, lipodys-
trophy, too little adipose tissue, also results in diabetes and
aberrant lipid metabolism. Therefore, proper regulation
of adipogenesis is required not only for appropriate lipid
storage, but also for systemic energy and lipid homeosta-
sis. Indeed, alterations in triglyceride storage and FA re-
lease in adipose tissue have been shown to affect glucose
metabolism in other tissues, such as liver and skeletal mus-
cle (2). Elucidating the regulatory pathways that control
adipocyte differentiation is likely to identify novel oppor-
tunities for intervention in metabolic diseases.

Over the past 10 years, several key regulators of adi-
pogenesis have been identified. These include the nu-
clear receptor peroxisome proliferator-activated receptor vy
(PPARY) and members of the C/EBP family of transcrip-
tion factors (3, 4). Extensive investigation of PPAR+y has
established an essential role for this protein in both adipo-
genesis and adipocyte function. Ectopic expression of
PPARY is sufficient to drive the adipogenic program, and
the loss of PPARy expression renders cells incapable of
becoming adipocytes (5-8). In addition, PPARy has been
shown to regulate the expression of several secreted cyto-
kines, including leptin and adiponectin, which display sys-

Abbreviations: apoD, apolipoprotein D; FACoA, FA coenzyme A;
GARG-16, glucocorticoid attenuated response gene 16; GLUT4, glu-
cose transporter-4; OSBP, oxysterol-binding protein; LXR, liver X re-
ceptor; LXRE, LXR response element; PGAR, PPARYy angioprotein re-
lated; PPARYy, peroxisome proliferator-activated receptor <y; RARYy,
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desaturase; SREBP-1c, sterol-regulatory element binding protein 1c.

I P.T. is an Assistant Investigator of the Howard Hughes Medical In-
stitute, University of California, Los Angeles, CA.

2 To whom correspondence should be addressed.

__e-mail: ptontonoz@mednet.ucla.edu

[ The online version of this article (available at http://www.jlr.org)
contains an additional table.

Copyright © 2004 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

0.DC1.html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2004/03/12/M300312-JLR20

temic effects as signaling molecules (3, 9). While the role
of PPARvy in adipose tissue has been firmly established,
other factors working independently or in conjunction
with PPARYy remain unidentified.

The liver X receptors (LXR) o« and {3 are oxysterol-acti-
vated nuclear receptors with largely overlapping func-
tions. Studies in macrophages have identified a number of
genes involved in reverse cholesterol transport whose ex-
pression is controlled by LXR, including ABCA1, ABCG1,
apolipoprotein E (apoE), LPL, and phospholipid transfer
[as reviewed in ref. (10)]. In the liver, LXR has been
shown to regulate expression of CYP7AI, the rate-limiting
enzyme in conversion of cholesterol to bile acids, and
sterol-regulatory element binding protein 1c (SREBP-1c)
and FAS, important lipogenic proteins (11-14). Recently,
LXR has also been implicated in control of glucose metab-
olism in the liver through regulation of glucokinase and
gluconeogenic enzymes, such as phosphoenolpyruvate
carboxykinase (15-17). Thus, LXRs appear to play an im-
portant role in both lipid and glucose homeostasis.

While LXR is ubiquitously expressed, LXRa has a more
restricted expression pattern. In addition to macrophages
and liver, LXRa is also highly expressed in adipose tissue,
and its expression increases during adipogenesis and is
regulated by PPARy (18-21). However, the function of LXRs
in adipose tissue is poorly understood. In fact, conflicting
reports have suggested that LXRs function as both posi-
tive and negative regulators of adipocyte differentiation
and lipid accumulation (18, 19). In the present study, we
have used retroviral expression systems and synthetic ligands
to probe the function of LXR in fat cells. We demonstrate
that expression and ligand activation of LXRa has no sig-
nificant effect on adipogenesis or lipid accumulation and
does not modulate the adipogenic activity of PPARy. How-
ever, the identification of novel LXR adipocyte target genes
in cultured cells and in vivo points to an important role for
LXR in adipose tissue function that is distinct from PPARvy.

MATERIALS AND METHODS

Reagents and stable cell lines

GW3965, GW7845, and T0901317 were provided by Jon Col-
lins and Timothy Wilson (GlaxoSmithKline). Ligands were dis-
solved in dimethyl sulfoxide before use in cell culture. Expres-
sion constructs containing full-length ¢cDNAs for PPARy and
LXRa (22, 23) were packaged into retrovirus by transient trans-
fection of Phoenix E cells as previously described (6). NIH-3T3
cells were infected at 50% confluence with approximately equal
titers of virus. Stable cell lines were selected with either 2 pg/ml
puromycin or 50 wg/ml hygromycin. For cell lines expressing
both PPARy and LXRa, hygromycin-resistant PPAR7y cell lines
were first selected and subsequently infected with puromycin-
resistant LXRa expression vector.

Cell culture

3T3-L1, 442A, and NIH-3T3 cell lines were maintained in
DMEM containing 10% bovine calf serum. 3T3-L1 cells were dif-
ferentiated by treatment at confluence with dexamethasone
(1 wM), methylisobutylxanthine (0.5 wM), and insulin (5 pg/ml),
in DMEM containing 10% FBS, for 2 days. Cells were subsequently

cultured in DMEM containing 10% FBS and insulin. 442A cells were
differentiated as described for 3T3-L1 cells without the addition
of differentiation cocktail. For time course studies, ligand was
first added at confluence, and media with fresh ligand was added
every 1-2 days. For gene expression studies in fully differentiated
adipocytes, cells were differentiated into mature adipocytes
(8-10 days) and subsequently treated with ligand for 24 h. Stably
expressing NIH-3T3 cell lines were switched to DMEM contain-
ing 10% FBS at confluence and treated with ligand for 24 h.

RNA analysis

RNA was isolated using Trizol reagent (Life Technologies,
Inc.). Sybrgreen and Tagman real-time quanitative PCR assays
were performed using an Applied Biosystems 7700 sequence de-
tector as described (20). Results show averages of duplicate ex-
periments normalized to 36B4. Primer and probe sequences are
available on request.

Animals

Ten-week-old female C57Bl/6 mice were maintained on stan-
dard rodent chow and gavaged with GW3965 (20 mg/kg/day)
daily or with vehicle (0.5% methylcellulose) for three days prior
to sacrifice. All mice were sacrificed during mid-light cycle after a
12 h fast. All mice received their final dose of GW3965 by gavage
2-4 h prior to sacrifice. Tissues were harvested for RNA with Tri-
zol reagent. Animal experiments were approved by the Institu-
tion Animal Care and Research Advisory Committee of the Uni-
versity of California, Los Angeles.

DNA microarray analysis

Differentiated 3T3-L1 adipocytes were cultured in DMEM
containing 10% FBS, insulin, and either vehicle or GW3965 (1
wM) for 24 h. Total RNA was isolated using Trizol reagent and
further purified with a Qiagen RNeasy total RNA isolation Kkit.
Total RNA was reverse transcribed using a T7-(dT)24 primer
(Genset Corp.) and the Superscript Choice system (Life Tech-
nologies). Biotin-labeled cRNA was generated using a bioarray
high-yield transcript labeling kit (Enzo). Fragmentation of cRNA
was performed using 40 mM Tris-acetate (pH 8.1), 100 mM po-
tassium acetate, and 30 mM magnesium acetate at 94°C. Samples
were hybridized to Affymetrix murine U74Av2 microarrays and
visualized by the PAN Facility at Stanford University. The results
of the microarrays were analyzed with Genespring and Gene-
Chip Analysis Suite software (Affymetrix).

Electrophoretic mobility-shift assays

DNA binding was analyzed using a radiolabeled oligonu-
cleotide probe corresponding to the LXR response element
(LXRE) from the human apoD promoter. Competitor oligonu-
cleotides were added at 5- or 25-fold molar excess (rat CYP7A oli-
gonucleotide added only at 25-fold molar excess). The binding
reactions were resolved on a preelectrophoresed 0.25 X TBE, 4%
polyacrylamide gel at room temperature. Human LXRa and reti-
noid X receptor a (RXRa) proteins were synthesized from pSG5-h
LXRa and RXRa using the TNT T7 coupled reticulocyte sys-
tem (Promega, Madison, WI). The oligonucleotides used were
as follows (sense strand only, with overhang and mutated nu-
cleotides in lower case and underlined, respectively): Rat CYP7AL,
5'-gatcCTTTGGTCACTCAAGTTCAAGT-3', apoD LXRE; 5'- agct-
GGTGGATCACCTGAGGTCAGGA-3’, Mut apoDLXRE; 5'- agctG-
GTGGCACACCTGAGAACAGGA-3'.

Transfection assays

HEK 293 cells were plated in 96-well plates at a density of
25,000 cells per well in high glucose DMEM supplemented with
10% charcoal/dextran-treated FBS (HyClone Laboratories, Lo-
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gan, UT). Transfection mixes contained 2 ng of expression vec-
tor (containing full-length human LXRa or RXRa) and 8 ng of
apoDX3-thymidine kinase-luciferase. A Renilla luciferase con-
struct was added to the transfection mix to provide an internal
control for transfection efficiency (carrier DNA was used to
bring the total DNA per transfection to 65 ng/well). Transfec-
tions were performed with Fugene transfection reagent (Roche,
Nutley, NJ) in OPTI-MEM medium (Life Technologies) accord-
ing to manufacturer’s instructions. The lipid-to-DNA ratio used
in the transfections was 4:1. Cells were incubated in the transfec-
tion mix for 24 h followed by an additional 24 h in DMEM sup-
plemented with 10% charcoal-stripped and delipidated serum
(Sigma, St. Louis, MO) = 1 uM LG100268, 1 uM T0901317, or
both. At the end of the incubation, reporter activities were mea-
sured using a Stop-and-Glow dual luciferase assay kit according
to manufacturer’s instructions (Promega, Madison WI).

RESULTS

Based on the role of LXRs in lipid metabolism and the
expression pattern of LXRa during adipogenesis, we in-

A
Ligand:

vestigated the impact of LXR signaling on adipocyte dif-
ferentiation. 3T3-L1 preadipocytes were treated at con-
fluence for 9 days with a differentiation cocktail (see
Materials and Methods) and vehicle or nuclear receptor
ligands as indicated (Fig. 1). Oil red O staining revealed
that treatment with the synthetic LXR agonist GW3965
had no significant effect on lipid accumulation and mor-
phologic differentiation when compared with control
cells (Fig. 1). In contrast, treatment with the PPARy-spe-
cific ligand GW7845 resulted in a marked potentiation of
lipid accumulation and differentiation as expected. Treat-
ment of cells with LXR agonist in combination with
PPARY agonist neither enhanced nor diminished the ef-
fect of PPARY ligand alone. Similar results were obtained
with the structurally unrelated LXR agonist T1317 (data
not shown). LXR ligands also had no effect on the dif-
ferentiation of 3T3-F442A adipocytes (data not shown).
Thus, under the conditions used here, LXR activation has
no significant effect on lipid accumulation or morpho-
logic differentiation of murine preadipocytes in vitro.

Day 5

Day 8

Fig. 1. Liver X receptor (LXR) agonists do not affect lipid accumulation during 3T3-L1 cell differentia-
tion. 3T3-L1 cells were treated with differentiation media and LXR agonist (GW3965), peroxisome prolifer-
ator-activated receptor y (PPARvy) agonist (GW7845), or both. At the indicated time points, cells were fixed
and stained with oil red O. A: Microscopic view; objective magnification 20X. B: Macroscopic view of oil red

O-stained 10 cm dishes.
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Fig. 2. LXR agonists do not affect adipocyte-associated gene expression in preadipocyte cell lines. 3T3-L1 (A) and 3T3-F442A (B) cells
were treated with differentiation cocktail and LXR ligand (GW3965), PPARy ligand (GW7845), or both. RNA was isolated at the indicated
time points and analyzed by real-time quantitative PCR assays. Expression of the adipocyte-associated genes aP2 and LPL is increased by
PPARY agonist treatment, but not LXR agonist treatment. Expression of LXRa mRNA increases during differentiation and is further in-

creased by PPARYy ligand in both 3T3-L1(A) and 3T3-F442A cells (B).

To confirm these observations on a molecular level, we
examined the expression of adipocyte differentiation-
linked genes in preadipocyte cell lines. 3T3-L1 and 3T3-
442A cells were treated with GW3965 (LXR) and/or
GW7845 (PPARYy) ligands throughout the differentiation
time course as above. RNA was isolated and gene expres-
sion analyzed at 3, 5, and 9 days post confluence. LXR ag-
onist had no significant effect on expression of the adipo-
cyte genes aP2 and LPL in either 3T3-L1 cells (Fig. 2A) or
3T3-442A cells (Fig. 2B). As expected, GW7845 strongly
enhanced expression of these differentiation markers.
The very slight reduction in expression of aP2 and LPL
in 3T3-L1 cells in the presence of both GW7845 and
GW3965 (Fig. 2A) was not statistically significant and not
reproducible in three independent experiments. The
LXR signaling pathway is functional in these cells, how-
ever, because established LXR target genes such as ABCA1

Hummasti et al.

were increased by GW3965 as expected (data not shown
and see below). Furthermore, expression of LXRa itself
increased during differentiation and was modestly in-
creased by PPARy ligand in both cell lines.

We next used a defined system to examine the effect of
ectopic expression of LXRa on the adipogenic potential
of NIH-3T3 cells. These cells express LXRB, but not LXRa
(22). NIH-3T3 cells do not normally undergo adipogene-
sis, but can be induced to accumulate lipid and to un-
dergo an adipocyte conversion when PPARYy is ectopically
expressed (6). We transduced NIH-3T3 cells with retrovi-
ral expression vectors for LXRa, PPARYy, or both (see Ma-
terials and Methods). Stable cell lines were isolated and
then treated at confluence with LXR and/or PPARy
ligands. A low level of LXR ligand responsiveness was ob-
served in control cell lines due to the presence of endoge-
nous LXR@ (Fig. 3). Expression of the LXR target gene

LXRs regulate adipocyte gene expression not differentiation 619
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Fig. 3. Ectopic expression of LXRa does not affect adipocyte-associated gene expression in NIH-3T3 fibroblasts. NIH-3T3 murine fibro-
blasts were infected with retroviral expression vectors to create stable cell lines expressing either vector alone, PPARy, LXRa, or both PPARy
and LXRa. mRNA expression was analyzed by real-time quantitative PCR assays. Treatment of PPARy-expressing cells with PPARy agonist
(GW7845) induces expression of the known target genes aP2 (A), LPL (B), and PPARy angioprotein related (PGAR) (C) as expected. In
contrast, LXRa expression and ligand (GW3965) activation has no effect on the expression of aP2 (A), LPL (B), or PGAR (C), either alone
or in combination with PPARy. The LXR target gene ABCA1 is induced by LXR expression and agonist treatment as expected (D).

ABCALI was increased by the expression of LXRa and fur-
ther induced in response to LXR ligand, confirming that
LXR signaling was activated. However, in agreement with
our results in 3T3-L1 and F442A cells, expression and acti-
vation of LXRa did not significantly affect mRNA levels of
the adipocyte-associated genes aP2, LPL, or PPARYy angio-
protein related (Fig. 3) and failed to induce lipid accumu-
lation (data not shown). Consistent with previous work (6,
24), expression of PPARY triggered adipocyte differentia-
tion and induction of these genes. Moreover, the induc-
tion of adipogenic markers in cell lines stably expressing
both PPARy and LXRa was comparable to those express-
ing PPARYy alone. Thus, in the NIH-3T3 system, LXR sig-
naling neither augments nor inhibits PPARy-driven adipo-
genesis.

The results presented above fail to support a role for
LXR signaling in the process of adipocyte differentiation
per se; however, these results do not preclude a role for
LXR in the function of mature adipocytes. We, therefore,
performed transcriptional profiling on fully differentiated
3T3-L1 adipocytes that had been treated for 24 h with ve-
hicle or GW3965. RNA from these cells was used to hy-
bridize to Affymetrix U74Av2 arrays. Selected results are
shown in Table 1 (the entire results are provided as sup-
plementary data). Established targets, such as ABCAI and

620  Journal of Lipid Research Volume 45, 2004

apoC-I, were highly induced in this experiment, validating
the approach. A number of potentially novel LXR respon-
sive genes were also identified, including: apoD, a mem-
ber of the lipocalin superfamily of carrier proteins that
transport small hydrophobic molecules (25); Spot 14, a
gene implicated in lipogenesis (26); and GARG-16, the
glucocorticoid attenuated response gene 16 (27).

In order to confirm the microarray results, we exam-
ined the effects of LXR ligand treatment on gene expres-

TABLE 1. Results of Affymetrix murine U74Av2 microarrays

Gene Activation (fold) by GW3965
GARG-16 4.5
SC5D 4.5
ABCA1 4.1
apoD 3.6
FACoA ligase 3.5
Spot 14 3.1
apo G-I 3.1
Estrogen-responsive zinc finger protein 2.8
Solute carrier family 38, member 2 2.5
RARYy 2.0
OSBP 2.0

apoD, apolipoprotein D; FACoA, FA coenzyme A; GARG-16, gluco-
corticoid attenuated response gene 16; OSBP, oxysterol-binding pro-
tein; RARYy, retinoic acid receptor y; SC5D, sterol-C5-desaturase.
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Fig. 4. Regulation of novel adipocyte target genes in vitro by LXR ligands. mRNA expression was analyzed by real-time quantitative PCR
assays. A: Differentiated 3T3-L1 adipocytes were treated with LXR agonist (GW3965) for 24 h. B: Differentiated F442A adipocytes were
treated with the indicated concentration of PPARy (GW7845) or LXR (GW3965) agonist for 24 h. C: NIH-3T3 cells expressing vector,
LXRa, or PPARY were treated with GW7845 or GW3965 for 24 h as indicated.

sion in differentiated adipocytes. Real-time quantitative
PCR analysis revealed LXR-dependent increases in the ex-
pression of apoD, GARG-16, and the established target
ABCALI in 3T3-L1 adipocytes (Fig. 4A). apoD, Spot 14,
ABCALI, and SREBP-1c, but not GARG-16, were also specif-
ically regulated by LXR ligand in a dose-dependent man-
ner in 442A adipocytes (Fig. 4B). To verify that induction
of these genes by GW3965 was mediated by LXRs rather
than another pathway, we again turned to the NIH-3T3
system. We compared the ability of synthetic receptor
ligands to induce gene expression in NIH-3T3 cells ex-
pressing vector, LXRa, or PPARy. Ectopic expression of
LXRa induced both basal- and ligand-inducible expres-
sion of the known targets, ABCAl and glucose trans-
porter-4 (GLUT4) (Fig. 4C). In addition, expression of
the novel target apoD was markedly responsive to LXR ex-
pression. The response of all three genes is specific for
LXR because expression and activation of PPARy had no
effect on their expression. Expression of Spot 14 and
GARG-16 was not inducible by LXR ligand in NIH-3T3
cells (data not shown). In the case of Spot 14, the lack of
induction may relate to the very low level of SREBP-1c ex-
pression in this cell type or to the need for additional adi-
pose-tissue specific regulatory factors.

Next, we endeavored to determine the mechanism
whereby LXRs control expression of the apoD gene. Se-
quence analysis of the human apoD promoter identified a
potential LXRE located at position —2524 bp relative to

the transcriptional start site (Fig. 5A). Electrophoretic
mobility shift assays using in vitro translated LXRa and
RXRa proteins and radiolabeled apoD LXRE oligonucle-
otide confirmed the ability of LXR/RXR heterodimers to
bind this element in a sequence-specific manner (Fig.
5B). In addition, the apoD LXRE was an effective compet-
itor for LXR/RXR binding to the previously identified
CYP7A LXRE.

We further analyzed the ability of the apoD LXRE ele-
ment to drive transcription in transfection assays. Expres-
sion vectors for LXRa and RXRa were transiently trans-
fected into CV-1 cells along with a luciferase reporter
construct containing three tandem copies of the apoD
LXRE. After transfection, cells were treated with vehicle
or 1 uM T1317 for 24 h. As shown in Fig. 6, this reporter
was strongly activated by transfected LXR/RXR in a ligand-
dependent manner. Both LXR and RXR ligands stimu-
lated reporter activity, and the combination of both ligands
had an additive effect. Taken together, the results of Figs.
5 and 6 identify the apoD gene as a direct transcriptional
target of LXR.

The established function of apoD and Spot 14 in lipid
transport and lipogenesis suggests that their regulation by
LXR might impact the physiologic function of adipose tis-
sue. We therefore endeavored to determine whether these
genes were regulated by the LXR signaling pathway in
vivo. C57BL/6 mice (n = 9/group) were treated with ve-
hicle or the synthetic LXR agonist GW3965 (20 mg/kg/
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Fig. 5. Electrophoretic mobility-shift analysis of apolipoprotein D
(apoD) LXR response element (LXRE). Competition experiments
were performed using a radiolabeled oligonucleotide probe corre-
sponding to the LXRE from the human apoD promoter or the
LXRE from the rat CYP7A gene. In addition to the probe, binding
reactions contained in vitro-translated human LXRa and/or reti-
noid X receptor a (RXRa). Some reactions also contained compet-
itor oligonucleotides corresponding to either the apoD LXRE from
the human apoD promoter, the mutated human apoD LXRE, or
rat CYP7A1 DR4 as indicated. Competitor oligonucleotides were
added at 5- or 25-fold molar excess over the radiolabeled probe.

day) for 3 days. Animals were fasted overnight prior to tis-
sue and RNA isolation. As shown in Fig. 7A, white adipose
tissue from LXR agonist-treated mice showed a significant
increase in both apoD and Spot 14 gene expression com-
pared with control mice. Interestingly, both genes were
also induced by LXR ligand in skeletal muscle (Fig. 7C),
while only Spot 14 was induced in liver (Fig. 7D). Thus,
the control of apoD expression by LXR appears to be tis-
sue-specific. Similar results have previously been reported
for apoE (28). In contrast, expression of GARG-16 was not
regulated by LXR in vivo, suggesting that this gene may
not be physiologically relevant to adipose tissue (data not
shown). It remains possible that GARG-16 may be regu-
lated by LXR in other target tissues such as macrophages.
We also addressed the issue of whether LXR activation al-
ters the expression of PPARy-dependent differentiation
markers in adipose tissue. Consistent with the in vitro
studies in Figs. 2 and 3, the LXR agonist did not alter the
expression of either CD36 or aP2 in vivo (Fig. 7B). Thus,
LXR activation neither blocks nor augments PPARy func-

tion in adipose tissue. Taken together, these results indi-
cate that although LXRs do not actively promote adipo-
genesis, they are potent regulators of lipid metabolic gene
expression in mature adipose tissue in vivo.

DISCUSSION

The nuclear receptors LXRa and LXRp have been
shown to play an important role in lipid metabolism in
liver, intestine, and macrophages. Several lines of evi-
dence point to a role for LXRs in adipose tissue as well, in-
cluding the high level of expression of LXRa and LXRf3
in fat, the increase in LXRa mRNA levels during adipo-
genesis, and the regulation of LXRa by PPARy. We have,
therefore, investigated the role of LXRs in fat cell differ-
entiation and gene expression. We show here that highly
specific synthetic ligands have no effect on lipid accumu-
lation or differentiation-linked gene expression in preadi-
pocyte cells in vitro and do not alter the expression of
PPARYy target genes in vivo. Furthermore, forced expres-
sion of LXRa in NIH-3T3 fibroblasts has no effect on dif-
ferentiation, either alone or in conjunction with PPARYy.
Despite the lack of evidence for an obligatory role in adi-
pogenesis, the identification of novel LXR target genes by
microarray analysis supports a role for LXRs in mature fat
cell function.

Our findings that LXRs do not influence differentia-
tion or lipid accumulation of murine preadipocyte cell
lines in vitro contrast with two recent studies. Juvet et al.
(18) reported increased lipid accumulation upon LXR
ligand (T1317 or 22(R)-hydroxycholesterol) treatment of
3T3-L1 cells. The basis for these differing results is not
clear, but subtle differences in cell culture conditions or
cell line variations cannot be excluded. Although the use
of different LXR agonists (22(R)-hydroxycholesterol and
T1317 compared with GW3965) could potentially lead to
different results, we have not observed any significant ef-
fect of T0901317 on lipid droplet size (data not shown) or
differentiation-linked gene expression (Fig. 2) in either
3T3-L1 or F442A cells. We have also been unable to con-
firm the observation that 22(R)-hydroxycholesterol pro-
motes differentiation (18), because in our hands, this
compound is cytotoxic to cells when administered chroni-
cally at micromolar concentrations. Because small mole-
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Fig. 6. Activation of the apoD LXRE by the LXR/RXR
heterodimer. HEK 293 cells were transiently transfected
with a reporter gene containing three copies of the apoD
LXRE cloned upstream of a mininal thymidine kinase pro-
moter and luciferase reporter gene. Cells were also
cotransfected with or without expression vectors for LXR,
RXR, or both, as indicated. Cells were subsequently treated
with or without ligands for LXR (T1317) and/or RXR
(LG268) for 24 h before harvesting. Cell lysates were as-
sayed for luciferase activity.
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Fig. 7. Regulation of apoD and Spot 14 by LXR agonist in vivo. C57BL/6 mice (n = 9 per group) were gavaged daily with GW3965 (20
mg/kg) or vehicle. At the end of the treatment period, total RNA was isolated from liver, adipose tissue, and skeletal muscle. Gene expres-
sion for individual animals was determined by real-time quantitative-PCR assays. Insets show the average expression for each group * SD. A,
B: White adipose tissue. C: Skeletal muscle. D: Liver. * P < 0.05 by Student’s #test.

cule activators of nuclear receptors often possess receptor-
independent effects, we further explored the effect of ec-
topic expression of LXRa in cells that lack this receptor.
Using the NIH-3T3 cell system, which was originally used
to define the adipogenic activity of PPARy (6), we showed
that expression of LXRa does not influence the adipo-
genic potential of these cells and does not act coopera-
tively with PPARYy.

In contrast to Juvet et al. (18), Ross et al. (19) have re-
ported that LXR activity inhibits adipocyte differentiation
and lipid accumulation in cultured cells. They showed
that ectopic expression of a constitutively active VP16-
LXRa fusion protein inhibited the differentiation of 3T3-
L1 cells. Our results do not support the suggestion that
LXRs are physiologic inhibitors of adipocyte differentia-
tion, lipid accumulation, or PPARy-dependent gene ex-
pression. We have not observed significant inhibition of
differentiation-dependent gene expression in either the
3T3-L1 system or the F442A system using two different
synthetic LXR ligands. We also found that expression of
physiologically relevant levels of wild-type LXRa in cells
lacking this receptor does not inhibit PPARy-driven differ-
entiation of 3T3-L1 cells. Finally, we have shown that acti-
vation of LXR in adipose tissue by LXR ligand in vivo does
not alter the expression of PPARy-dependent differentia-
tion markers.

Although it is clear that LXR cannot be required for ad-
ipose tissue development because LXRaf null mice have
fat (18, 29), the possibility that LXR signaling modulates

lipid accumulation in vivo is not excluded by our studies.
Older LXRaf null mice exhibit reduced adipose tissue
[(18) and our unpublished observations) |; however, the
basis of this phenotype is not known. One prominent dif-
ference between preadipocyte cell lines and adipose tissue
in vivo is the relatively low levels of SREBP-1c expression
in cultured cell lines. Previous work has shown that LXR
agonists are potent regulators of SREBP-1c expression in
vivo. However, one cannot extrapolate from such observa-
tions that ligand activation of LXR would necessarily lead
to a net increase in lipid accumulation in adipose tissue.
In fact, transgenic overexpression of SREBP-l1c from an
adipocyte-specific promoter in mice results in the para-
doxical loss of adipose tissue (30). Clearly, additional stud-
ies will be required to define the function of LXRs in adi-
pose tissue and systemic lipid metabolism.

Together with previous work, our data points to an im-
portant role for LXRs in the control of gene expression in
fat. LXRa expression is induced by PPARy as a conse-
quence of adipocyte differentiation (18, 20, 21), and
LXRs regulate a specific gene expression program that is
largely distinct from that of PPARy. Previously identified
targets of LXRs in adipose tissue include the lipogenic
transcription factor SREBP-1c, lipogenic enzymes such as
FAS and stearoyl-CoA desaturase 1, and the insulin-sensi-
tive GLUT4 (11, 12, 14, 15, 29). In the present work, we
have identified apoD and Spot 14 as new LXR-regulated
genes in both cell-culture systems and in vivo. We have
also shown that regulation of apoD is mediated by direct
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binding of LXR/RXR heterodimers to the apoD pro-
moter. apoD is a member of the lipocalin family of trans-
porters (25). Among its potential physiological ligands are
cholesterol and arachidonic acid. apoD appears likely to
play a role in lipid transport, perhaps transporting ligands
for LXR or PPAR or participating in LXR-dependent reverse
cholesterol transport. Spot 14, a liver- and adipose-specific
protein, is involved in fatty acid synthesis and lipogenesis
(26). LXR has previously been implicated in lipogenesis
through transcriptional control of SREBP-1c and FAS ex-
pression. The identification of Spot 14 as an LXR-regulated
gene in adipocytes supports a role for LXR in lipogenesis
in fat as well. It is likely that the effect of LXR on Spot 14 is
due, at least in part, to induction of SREBP-1c expression,
as Spot 14 is an established target of SREBP-1c (31).

Recent reports have linked LXR agonist treatment with
improved glucose tolerance in diabetic rats and a mouse
model of dietinduced obesity and insulin resistance (15,
17). While the mechanistic basis of this effect is not yet
clear, it may involve suppression of hepatic gluconeogene-
sis or induction of GLUT4 expression in adipose tissue. It
is also possible that the newly identified targets Spot 14
and apoD participate in these effects. For example,
arachidonic acid, a potential ligand for apoD, has recently
been reported to stimulate glucose uptake by regulating
GLUT1 and GLUT4 expression at the plasma membrane
(32). In addition, Spot 14 has been shown to be both insu-
lin and glucose responsive, suggesting a role for the regu-
lation of Spot 14 in glucose metabolism (33). Finally, ge-
netic studies have found a significant association of an
apoD polymorphism with type II diabetes, obesity, and hy-
perinsulinemia (34, 35). Thus, further characterization of
the role of Spot 14 and apoD in adipocyte biology is an
important area of future research, with possible therapeu-
tic implications for treatment of metabolic disorders such
as diabetes and obesity. Bl
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