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PPARYy regulates adipocyte cholesterol
metabolism via oxidized LDL receptor 1
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In addition to its role in energy storage, adipose tissue also accumulates cholesterol. Concentrations of cho-
lesterol and triglycerides are strongly correlated in the adipocyte, but little is known about mechanisms regu-
lating cholesterol metabolism in fat cells. Here we report that antidiabetic thiazolidinediones (TZDs) and
other ligands for the nuclear receptor PPARy dramatically upregulate oxidized LDL receptor 1 (OLR1) in
adipocytes by facilitating the exchange of coactivators for corepressors on the OLRI gene in cultured mouse
adipocytes. TZDs markedly stimulate the uptake of oxidized LDL (oxLDL) into adipocytes, and this requires
OLRI1. Increased OLR1 expression, resulting either from TZD treatment or adenoviral gene delivery, sig-
nificantly augments adipocyte cholesterol content and enhances fatty acid uptake. OLR1 expression in white
adipose tissue is increased in obesity and is further induced by PPARy ligand treatment in vivo. Serum oxLDL
levels are decreased in both lean and obese diabetic animals treated with TZDs. These data identify OLR1 as
a novel PPARY target gene in adipocytes. While the physiological role of adipose tissue in cholesterol and
oxLDL metabolism remains to be established, the induction of OLR1 is a potential means by which PPARy

ligands regulate lipid metabolism and insulin sensitivity in adipocytes.

Introduction

The adipocyte is the major site of fatty acid storage in the body
and plays a critical role in maintaining normal glucose and lipid
homeostasis. In a healthy person, excess fat is stored as triglycerides
in the adipose tissue, and fatty acids are released into the blood-
stream only in response to an increased energy requirement, for
example, during fasting. If the capacity of the adipocyte to store
lipids is exceeded, it can no longer regulate the release of FFAs into
the circulation, which ultimately leads to the abnormal accumula-
tion of lipid in nonadipose depots. A buildup of triglycerides in the
liver, pancreatic islets, and the muscle is thought to lead to meta-
bolic dysregulation of these tissues (1); in particular, increased
plasma FFA levels and elevated intramyocellular lipids are highly
correlated with insulin resistance (2, 3).

Obesity can be viewed as a state of long-term lipid disequilibrium
that is marked by massive adipocyte hypertrophy and is a major
risk factor for developing insulin resistance and type 2 diabetes.
When compared with small fat cells from lean controls, enlarged
adipocytes isolated from obese animals or humans demonstrate
a decreased ability to store triglycerides (4), increased insulin
resistance (5), and increased secretion of leptin and TNF-a (6).
Interestingly, adipose tissue from ob/ob mice also exhibits an
increase in cholesterol biosynthesis (7), and hypertrophied adipo-
cytes from 2 obese rodent models showed elevated mRNA levels of
SREBP-2, 3-hydroxy-3-methylglutaryl-CoA (HMG CoA) reductase,
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and the LDL receptor (8, 9), which suggests that these cells are
relatively cholesterol deficient. Adipocytes normally contain a
significant amount of free cholesterol and express a number of
cholesterol receptors at the plasma membrane, such as scavenger
receptor-B1 (SR-B1) and CD36 (10). There is evidence to suggest
that, as triglyceride storage increases, cholesterol is redistributed
from the plasma membrane to the surface of the lipid droplet
(11, 12) and adipocyte cholesterol levels increase in proportion to
the triglyceride content (13, 14). Numerous studies have demon-
strated that the perturbation of cholesterol levels in adipocytes
alters metabolic activity. For example, fatty acid uptake is mark-
edly reduced in cholesterol-depleted 3T3-L1 adipocytes (15).
Furthermore, sterol depletion of 3T3-L1 adipocytes leads to an
inhibition of insulin-stimulated glucose oxidation, upregulation
of TNF-o. and IL-6 mRNA, and decreased expression of glucose
transporter 4 (GLUT4) (9). Taken together, these data suggest
an important role for cholesterol in the ability of the adipocyte
to efficiently respond to insulin and to properly metabolize fatty
acids and glucose.

The nuclear receptor peroxisome PPARY is the key transcrip-
tional regulator of adipogenesis and directly activates many genes
involved in adipocyte lipid storage (16). PPARY is expressed at its
highest levels in white adipose tissue and is required for adipocyte
differentiation (17-20). It binds DNA as an obligate heterodimer
with retinoid X receptor oo (RXRat) to a peroxisome proliferator-
activated response element (PPRE), consisting of 2 direct repeats
of the consensus nuclear receptor half-site separated by 1 base
pair (17). This motif, known as a direct repeat 1 (DR-1) element,
is found in the promoters of many genes involved in lipid stor-
age, such as the fatty acid binding protein aP2 and the cholesterol
and fatty acid transporter FATP/CD36 (4). Upon ligand binding
to PPARY, gene expression is activated by the release of the core-
pressors nuclear receptor corepressor (N-CoR) (21) and silencing
mediator for retinoid and thyroid receptors (SMRT) (22) and the
recruitment of coactivators such as the p160/steroid receptor
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Figure 1

OLR1 is induced by PPARy ligands in 3T3-L1 adipocytes. (A) Comparison of OLR7 and aP2 mRNA levels in 3T3-L1 preadipocytes (Pread), adipo-
cytes treated with vehicle (DMSO), and rosiglitazone-treated adipocytes (Rosi). (B) Quantitation of OLR7 compared with CD36 mRNA induction by
rosiglitazone, using real-time PCR. Results are normalized to mRNA levels in vehicle-treated adipocytes. Data expressed as mean + SEM (n = 4). (C)
Rosiglitazone induces OLR1 protein expression in 3T3-L1 adipocytes according to Western blot analysis. Histone deacetylase 2 (HDAC2) protein lev-
els show equal loading. (D) Rosiglitazone (500 nM or 1 uM for 4 days) induces OLR7T mRNA expression in human adipocytes. Real-time PCR results
expressed as mean + SEM (n = 4). hOLR1, human OLR1. (E) Dose response for OLR7 induction by rosiglitazone and the non-TZD PPARy ligand
GW?7845. (F) Induction of OLR7 by rosiglitazone (100 nM) is blocked by the PPARy antagonist PD068235 (PD; 50 uM). rRNA, ribosomal RNA.

coactivator (p160/SRC) family, the mediator complex including
PPARy binding protein (PBP), and histone acetyltransferases such
as CREB binding protein (CBP) and p300 (23).

The antidiabetic drugs thiazolidinediones (TZDs) were found to
be high-affinity ligands for PPARy (24). Because the in vitro binding
affinity of different TZDs to PPARY corresponds to their antidiabet-
ic activity in vivo (25, 26), and as PPARY is expressed predominantly
in white fat, it is thought that TZDs exert many of their therapeutic
effects by activating PPARY in the adipose tissue; however, the mech-
anism by which this occurs is unclear. While originally discovered
because of their potent insulin-sensitizing and glucose-lowering
activity, TZDs were also found to stimulate adipogenesis by upregu-
lating many of the PPARY target genes involved in fatty acid metabo-
lism and storage (27). In fact, numerous studies in rodent models
and in humans have shown that TZD treatment causes weight gain
(28-30). Thus, a paradox emerged: how do TZDs improve insulin
sensitivity and glucose metabolism while also causing increased adi-
posity, a state generally associated with insulin resistance?

PPARy appears to regulate 2 distinct yet overlapping gene pro-
grams in the adipocyte: the adipogenic and the antidiabetic. Pre-
vious work has demonstrated that the effects of TZD treatment
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are not equivalent to those of PPARYy activation in adipocytes
(31). For example, resistin is upregulated during adipogenesis
but downregulated by rosiglitazone (32), while glycerol kinase
is present only at low levels in mature adipocytes but is strongly
induced by rosiglitazone (33). Both of these genes have been
shown to play a role in whole-body glucose and lipid metabolism
(34-36), which suggests that the identification and characteriza-
tion of genes that are differentially regulated during adipogen-
esis versus TZD treatment could help to explain how TZDs work.
Here we report that oxidized low-density lipoprotein receptor 1
(OLR1) is present at very low levels in the mature fat cell but dra-
matically upregulated only upon treatment of mouse adipocytes
with PPARy ligand. OLR1 is the major scavenger receptor for oxi-
dized LDL (0xLDL) in endothelial cells (37), but its expression in
adipocytes has never been characterized. We show that OLRI is a
direct PPARY target gene and that its transcriptional regulation
is controlled by 4 distinct PPREs that are differentially bound by
corepressors and coactivators in the presence of rosiglitazone.
Intriguingly, we also demonstrate that PPARY ligands increase
oxLDL uptake and total cholesterol levels in adipocytes and that
OLRI1 plays a significant role in mediating these effects. In vivo
Number 8 2245
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Figure 2

The OLR1 promoter-enhancer is TZD-responsive. (A) Schematic of
reporter constructs containing serial truncations of the OLR7 promoter-
enhancer fused to luciferase (Luc). (B) Luciferase activity of OLR7
reporter constructs cotransfected with PPARy/RXRa with or without 1
uM rosiglitazone. Results were normalized to 3-galactosidase activity.
Data represent the fold induction of luciferase activity over the basal
activity of the empty pGL2 vector and are expressed as mean + SEM
(n = 3 per condition). **P < 0.01 compared with transfected cells treat-
ed with vehicle. RLU, relative luciferase units.

studies show that OLR1 is also induced by TZD treatment in the
white adipose tissue of both lean and obese animal models and
that serum oxLDL levels are reduced by PPARy ligands. Increas-
ing evidence suggests that cholesterol balance in the fat cell is
an important regulator of metabolic activity and triglyceride
storage capability. Although the physiological role of adipose
tissue in cholesterol and oxLDL metabolism remains to be estab-
lished, these data suggest a novel role for PPARY, antidiabetic
TZD ligands, and oxLDL in the control of adipocyte cholesterol
content through the induction of OLR1.

Results
OLRI is a novel gene regulated by PPARY ligands in 3T3-L1 adipocytes.
TZDs have been shown to induce the differentiation of preadipo-
cytes by activating PPARy and upregulating many of its target genes
(18, 38, 39). However, the effects of TZDs in the fully differenti-
ated adipocyte, which continues to express high levels of PPARY,
is much less well understood. Using microarray analysis to iden-
tify novel genes that are differentially regulated by PPARy ligands
in the mature mouse 3T3-L1 adipocyte, we identified OLRI as a
gene that was markedly upregulated by rosiglitazone treatment.
Northern blot analysis demonstrated that while fully differenti-
ated adipocytes expressed very little OLRI mRNA, treatment with
rosiglitazone dramatically upregulated its expression (Figure 1A).
This pattern of expression is in stark contrast to the expression
of aP2, which was upregulated during adipogenesis but did not
increase significantly with rosiglitazone treatment (Figure 1A).
OLRI mRNA expression increased by more than 30-fold in adi-
2246

The Journal of Clinical Investigation

heep://www.jci.org

pocytes treated with rosiglitazone compared with untreated adi-
pocytes (Figure 1B). CD36, the most well-characterized receptor
for oxLDL, is also known to be upregulated by TZDs (40), but the
magnitude of this increase (1.4-fold) in adipocytes was consider-
ably less than that seen for OLR1 (Figure 1B). The increase in OLRI
mRNA expression led to a corresponding increase in OLR1 pro-
tein expression in rosiglitazone-treated cells (Figure 1C). We also
observed increased OLRI mRNA expression in primary human
adipocytes exposed to rosiglitazone (Figure 1D), which suggests
that the induction of OLR1 by TZDs occurs across species.

A potent non-TZD PPARy ligand, GW7845, also upregulated
OLRI gene expression (Figure 1E). The ECsos for rosiglitazone and
GW7845 were in agreement with their in vitro binding affinities
for PPARY (41), which suggests that the upregulation of OLR1 by
these ligands was a direct result of PPARY activation. Consistent
with this, a specific competitive PPARy antagonist, PD068235,
abrogated the induction of OLR1 by rosiglitazone (42) (Figure 1F).
Together, these data suggest that TZDs induce OLR1 expression
through the activation of PPARY.

OLRI is a direct transcriptional target gene of PPARY. To investi-
gate the transcriptional mechanism by which TZDs induce OLRI,
we fused 5’ fragments of the OLRI promoter upstream of a lucif-
erase reporter and cotransfected them with PPARy and RXRa into
293T cells in the presence or absence of rosiglitazone (Figure 2A).
Rosiglitazone markedly activated the reporter gene containing
1,738 bp of the 5' flanking sequence (Figure 2B), which is consis-
tent with the existence of a PPARy response element in the OLRI
promoter. Upon serial truncations (from -1,738 bp upstream of
the start site to -1,169, =907, and -593 bp), the OLRI promoter
retained a transcriptional response to PPARY/RXRa/rosiglitazone,
although the magnitude of activation diminished with increasing
truncation length, which raises the possibility that there could be
multiple PPREs distributed throughout the OLRI promoter that
each contributed to the activation by rosiglitazone.

Inspection of the sequence of the OLRI promoter revealed 4
potential PPARy binding sites (designated A, B, C, and D), each
consisting of an imperfect direct repeat of the consensus nuclear
receptor half-site separated by 1 base pair (Figure 3A). DNA mobil-
ity shift assays demonstrated that each of the 4 sites was capable
of binding the PPARy/RXRa heterodimer (Figure 3B). None of the
sites were bound by either PPARy or RXRa alone (data not shown).
Mutations within the half-sites completely abolished binding to
the PPARY/RXRa. heterodimer (Figure 3B), while a full mobility
shift was maintained in an oligonucleotide probe with mutations
made in an irrelevant site (D2) (Figure 3B, last lane), which indi-
cates that the binding of PPARy/RXRo. to DNA is site and sequence
specific. In addition, PPARy binding was effectively competed away
by increasing concentrations of an oligonucleotide containing a
wild-type, but not a mutated, PPRE (data not shown).

To determine which of the 4 PPARy binding sites was responsible
for transcriptional activation by rosiglitazone, each site was mutat-
ed either individually or in combination in the luciferase reporter
containing the -1,738-bp fragment of the OLRI promoter. Lucifer-
ase assays demonstrated that single mutations in the 3 distal sites
(B, C,and D) only modestly affected the ability of rosiglitazone to
increase reporter activity (Figure 3C), although the mutations in
combination reduced activation by rosiglitazone by approximate-
ly 50%. However, mutations in the most proximal PPARy binding
site (site A) reduced transcriptional activation by rosiglitazone to
amuch greater extent (Figure 3C). Mutations in all 4 binding sites
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completely abolished the transcriptional response to rosiglitazone.
These data strongly suggest that the proximal PPARy binding site
is the predominant PPRE in the OLRI promoter, with the 3 other
DR-1 PPARy binding sites making small contributions.

Rosiglitazone regulates the recruitment of corepressors and coactiva-
tors to the endogenous OLRI promoter. We next used chromatin
immunoprecipitation (ChIP) to study the transcriptional reg-
ulation of the endogenous OLRI gene in 3T3-L1 adipocytes.
Primer sets were designed to span the PPARy binding sites, and
chromatin was sheared to an average fragment size of 300-400
bp so that each PPRE could be assessed separately using ChIP
assays (Figure 4A; a single PCR primer set was used to investi-
gate sites B and C, which are closely spaced). ChIP analysis dem-
onstrated that adipocyte PPARy bound in the regions of each of
the PPREs in the OLRI promoter in the presence and absence of
rosiglitazone, while a region approximately 500 bp upstream of
the most distal PPRE showed no binding of PPARY (Figure 4B).
As expected, the region of the aP2 promoter containing its PPRE
was also bound by PPARY (Figure 4B).

The dramatic increase in OLRI expression caused by TZDs
is particularly striking because it is normally expressed at such
low levels in fully differentiated adipocytes. In contrast, aP2,
another PPARY target gene, is upregulated during adipogenesis
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and remains expressed at a high level, with only a small increase
upon TZD treatment in the mature fat cell. We hypothesized that
the OLRI gene is normally repressed by PPARy due to corepres-
sor recruitment. Indeed, corepressors SMRT and N-CoR were
not detected on the active aP2 promoter in mature adipocytes
in the presence or absence of TZD, whereas in untreated adipo-
cytes, SMRT and N-CoR were recruited to the 3 distinct regions
in the OLRI promoter containing PPREs (Figure 4C). Rosigli-
tazone treatment released corepressor binding in all 3 regions.
In contrast, the coactivators CBP, SRC-1, and PBP were robustly
recruited only to the proximal PPRE, consistent with its function-
al predominance (Figure 4C). Binding of these coactivators to the
OLR1 gene was greatly stimulated by rosiglitazone, whereas the
coactivators bound in the region of the «P2 PPRE independently
of ligand treatment, consistent with the regulation of the genes.
Similarly, treatment with rosiglitazone substantially increased
acetylation of histones H3 and H4 at the OLRI promoter, whereas
the levels of acetylated histones remained constant at the promot-
ers of the aP2 and GAPDH genes (Figure 4D).

Rosiglitazone increases oxLDL uptake in adipocytes by upregulat-
ing OLRI. Since OLRI functions as a receptor for oxLDL in
endothelial cells, we next determined the effects of PPARy ligand
treatment on the uptake of oxLDL in 3T3-L1 adipocytes. Both
Volume 115 Number 8
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Rosiglitazone regulates the recruitment of corepressors and coactivators to the endogenous OLR7 promoter. (A) Schematic of the OLR7 pro-
moter showing the location of the PCR primers (horizontal arrowheads) used for ChIP analysis in relation to the PPARy binding sites (vertical
arrowheads) identified in Figure 3. Horizontal arrowheads indicate the region of PCR; vertical arrowheads indicate the locations of the PPARy
binding sites shown in Figure 3. (B) ChIP analysis of PPARy association with the OLR7 promoter-enhancer in 3T3-L1 preadipocytes and adipo-
cytes with or without rosiglitazone treatment (1 uM for 48 hours). The OLR17 upstream PCR primer set is located approximately 500 bp upstream
of the PPRE D site and is used as a negative control. (C) ChIP analysis of the association of the corepressors N-CoR and SMRT and coactiva-
tors CBP, SRC-1, and PBP with the OLR7 and aP2 promoters in adipocytes with or without rosiglitazone treatment. (D) ChIP analysis of histone
H3 and H4 acetylation (Ac H3 and Ac H4) at the OLR1, aP2, and GAPDH promoters in adipocytes with or without rosiglitazone treatment. For

the OLR1 promoter, the PCR primer set for the PPRE A site was used.

rosiglitazone and the non-TZD PPARy ligand GW7845 markedly
stimulated the adipocyte uptake of [12°IJoxLDL (Figure 5A). To
test the specificity of this effect for oxidatively modified LDL,
excess amounts of both oxLDL and native LDL were used to com-
pete for binding of ['?’TJoxLDL. We found that [?I]JoxLDL bind-
ing was reduced approximately 40% by native LDL competition
(data not shown), which suggests that the rosiglitazone effect
was relatively specific for oxLDL. oxLDL receptors include OLR1,
CD36, SR-B1, and macrosialin (43). CD36 is a PPARY target gene,
although, as shown in Figure 1B, rosiglitazone induced OLR1
approximately 30-fold but only induced CD36 by approximately
1.4-fold. Moreover, rosiglitazone did not appreciably induce the
expression of SR-B1 and macrosialin (data not shown).

The potential role of OLR1 as the mediator of rosiglitazone-
stimulated adipocyte oxLDL uptake was tested by adenoviral
expression of OLR1 at approximately the same level induced
by rosiglitazone treatment (Figure 5SB). The induction in OLR1
expression caused an increase in oxLDL uptake that was approx-
imately 50% of that resulting from rosiglitazone stimulation
(Figure 5C). This suggests that induction of OLR1 could account
for a significant proportion of TZD-stimulated oxLDL uptake.
To further investigate the role of OLR1, we reduced levels of the
endogenous protein by lentiviral expression of a short interfer-
ing RNA (siRNA) directed against OLR1. Both basal and rosigli-
tazone-induced OLR1 protein levels were decreased (Figure 6A).
Rosiglitazone-stimulated oxLDL uptake was reduced by 50-60%
in adipocytes in which OLR1 levels were diminished (Figure 6B).
By contrast, basal oxLDL uptake, presumably mediated by
CD36 (40), was only minimally affected (Figure 6B). These data
2248
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strongly suggest that rosiglitazone stimulates oxLDL uptake in
large part through the induction of OLRI.

Rosiglitazone upregulation of OLR1 increases adipocyte cholesterol
content. OxLDL is a rich source of cholesterol. Remarkably, rosi-
glitazone treatment significantly increased the total cholesterol
content of adipocytes (Figure 7A). Adipocytes treated with rosigli-
tazone showed no significant increase in mRNA levels of SREBP-2
or HMG CoA reductase (data not shown), which are 2 key regula-
tors in de novo cholesterol synthesis. We therefore explored the
possibility that this increase in cholesterol levels resulted from an
influx of exogenous cholesterol sources through the upregulation
of OLR1. Indeed, adenoviral overexpression of OLR1 was suffi-
cient to raise total cholesterol levels in adipocytes (Figure 7B).
Moreover, lentiviral knockdown of endogenous OLR1 abolished
most of the rosiglitazone-induced increase in total adipocyte cho-
lesterol (Figure 7C). These data suggest that OLR1 induction is
necessary for a significant portion of the rosiglitazone-stimulated
increase in adipocyte cholesterol.

OLRI induction is required for rosiglitazone enbancement of fatty acid
uptake. We and others have previously demonstrated that rosigli-
tazone increases fatty acid uptake and retention in the form of
triglycerides (30, 33, 44). These pathways involve the coordinated
induction of several genes involved in fatty acid uptake and metab-
olism in adipocytes, which leads to a net flux of FFAs from periph-
eral tissues and the circulation into adipocytes. This change in lipid
partitioning has been implicated in the insulin-sensitizing effects of
TZDs, through a combination of reduced lipotoxicity and circulat-
ing fatty acid levels (45). Increasing evidence also suggests that adi-
pocyte cholesterol levels are directly proportional to its triglyceride
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content and are involved in the regulation of FFA uptake and stor-
age (10). Since OLR1 increases cholesterol content, we hypoth-
esized that it might subsequently regulate fatty acid metabolism
in adipocytes. Indeed, ectopic expression of OLR1 in adipo-
cytes stimulated the initial uptake of palmitic acid (Figure 7D).
Moreover, enhancement of palmitate uptake in adipocytes due to
rosiglitazone treatment was largely abrogated by knockdown of
OLRI1 (Figure 7E). These data suggest that TZD-mediated stimula-
tion of cholesterol and fatty acid accumulation in adipocytes are
coupled via the induction of OLR1.

OLRI is induced in vivo by genetic and pharmacological activation of
PPARy and by obesity. We next investigated the role of PPARY activa-
tion in the regulation of adipocyte OLRI gene expression in vivo.
Treatment of wild-type mice with rosiglitazone led to a marked
induction of OLRI mRNA in white adipose tissue (Figure 8A).
We also studied the expression of OLRI in the adipose tissue of
mice homozygous for the S112A mutation, which modestly acti-
vates endogenous PPARY by preventing its phosphorylation (46).
Adipose tissue OLRI mRNA expression was increased in PPARy-
S112A compared with wild-type mice and was further induced

Figure 6

Induction of OLR1 is required for stimulation of adipocyte oxLDL
uptake by rosiglitazone. (A) Reduction of OLR1 protein levels by len-
tivirally delivered siRNA for OLR1 (OLR1 siRNA) or lamin A/C (U6
Lamin siRNA) in adipocytes with or without 1 uM rosiglitazone. (B)
Knockdown of OLR1 levels reduced rosiglitazone enhancement of
oxLDL uptake into adipocytes by approximately 60%. Adipocytes were
infected with lentivirus siRNA for OLR1 or lamin A/C (negative control)
for 4 days, then treated with DMSO or 1 uM rosiglitazone for 48 hours.
Uptake assays were corrected for nonspecific binding measured by
cold competition with unlabeled oxLDL and normalized for protein con-
centration. Data are expressed as mean + SEM (n = 6). *P < 0.05,
rosiglitazone-treated vs. DMSO in OLR1 siRNA cells; **P < 0.01,
rosiglitazone-treated vs. DMSO in U6 Lamin siRNA cells. Data were
analyzed using ANOVA and post-hoc statistical tests.
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by rosiglitazone (Figure 8A). These data suggest that genetic or
pharmacological activation of PPARy induces OLR1 in adipose
tissue in vivo. We also assessed the effect of obesity on OLRI gene
expression in white adipose tissue. Notably, OLR1 expression was
increased approximately 2-fold in the adipose tissue of 0b/ob mice
compared with lean littermates (Figure 8B). Ciglitazone treat-
ment induced adipose OLRI mRNA to similar levels in lean and
ob/ob mice (Figure 8B). In comparison, expression of the classic
PPARYy target gene aP2 was induced only modestly by ciglitazone
in lean mice and was not increased by TZD treatment in 0b/ob mice
(Figure 8B), consistent with the different mechanisms by which
OLRI1 and aP2 are transcriptionally regulated.
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We next investigated OLR1 expression levels in various tissues
of lean and 0b/ob mice. In comparison with OLRI mRNA levels
in white adipose tissue of lean mice, OLR1 was expressed at
much lower levels in brown adipose tissue but was induced in
obese mice (Figure 8C). By contrast, liver OLRI gene expression
was similar in 0b/ob and lean mice (Figure 8C). Furthermore,
following treatment of lean and ob/ob mice with ciglitazone,
OLRI mRNA levels did not change significantly in brown adi-
pose tissue and actually decreased in liver (Figure 8D). These
data suggest that the induction of OLR1 by TZDs in vivo is
specific for white adipose tissue.

Serum oxLDL levels are decreased by TZD treatment in lean and ob/ob
mice. Having shown that the induction of OLR1 in 3T3-L1 adipo-
cytes enhances oxLDL uptake, we hypothesized that TZD treat-
ment would lower serum oxLDL levels in vivo. Indeed, ciglitazone
treatment of both lean C57BL/6 mice (Figure 8E) and 0b/0b mice
(Figure 8F) significantly decreased circulating oxLDL levels. These
data strongly correlate with the effect of OLR1 in cultured 3T3-L1
adipocytes and suggest that adipose OLR1 may play a role in the
uptake of oxLDL in response to TZD treatment in vivo.

Discussion

We have discovered that the scavenger receptor OLR1, also known
as lectin-like oxidized low-density lipoprotein receptor-1, is dra-
matically upregulated in adipocytes upon treatment with PPARY
ligands; shown that this is a direct effect of PPARY; and iden-
tified the molecular basis for PPARY repression and activation
of this gene. To our knowledge, this is the first report of OLR1
expression in adipose tissue. Metabolic studies reveal that OLR1
expression is sufficient to stimulate oxLDL uptake, cholesterol
accumulation, and fatty acid uptake into adipocytes. Moreover,

2250

The Journal of Clinical Investigation

htep://www.jci.org

we have shown that OLR1 induction is largely required for TZD
regulation of these aspects of adipocyte lipid metabolism.

OLR1, like CD36, is a scavenger receptor that binds, endocyto-
ses, and proteolytically degrades oxLDL (37). It was originally iden-
tified as the major receptor for oxLDL in endothelial cells in large
arteries (37) but is also expressed in macrophages and smooth
muscle cells (47). OLR1 is upregulated in vascular pathologies,
such as hypertension, diabetes, and atherosclerosis; in fact, the
induction of OLR1 and subsequent binding and internalization
of oxLDL have been hypothesized to cause endothelial cell dys-
function and apoptosis, as well as foam cell formation (47). Of
note, OLR1 has been shown to recognize various modified forms
of LDL, including mildly and fully oxLDL (47).

The oxidative modification of LDLs is generally believed to
play a pathogenic role in the development of atherogenic lesions
(48-50). Although the true in vivo nature and clinical relevance
of oxLDL has remained obscure, mounting evidence in the lit-
erature demonstrates that not only do various oxidatively modi-
fied forms of LDL exist, but they can actually be measured in
the circulation using antibodies directed against oxidation-
specific epitopes. For example, an antibody generated against
an oxidized phosphatidylcholine moiety was used to show that
oxidized forms of LDL were present even in the serum of healthy
subjects and that levels were increased by 2- to 4-fold in patients
with vascular diseases (43, 49). A separate study used an anti-
body directed against malondialdehyde-LDL, another oxidized
form of LDL, to demonstrate approximately 2- to 5-fold increas-
es in oxLDL levels in the plasma of patients with coronary artery
disease and myocardial infarcts compared with control patients
(51). OxLDL most likely exists in vivo as a heterogeneous mix-
ture of particles, ranging from minimally modified LDL (52) to
Volume 115
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OLRT is induced in vivo by genetic or pharmacological activation of PPARy and by obesity. (A) Rosiglitazone treatment (4 mg/kg/d for 4 days) of
lean C57BL/6 mice induces OLR7 mRNA in white adipose tissue by real-time PCR. OLR1 is increased in white adipose tissue (WAT) of PPARYy-
S112A mice and is further induced by rosiglitazone treatment. Wild type, n = 6; S112A, n = 10. *P < 0.05 vs. vehicle; **P < 0.01 vs. wild type. (B)
OLR1 mRNA is increased in white adipose tissue of ob/ob mice relative to lean littermates and is further induced by ciglitazone treatment (Ciglit;
100 mg/kg/d for 4 days). Results for aP2 mRNA are shown for comparison. n = 4 per condition. *P < 0.05 vs. vehicle; #P < 0.05 vs. lean. (C) Com-
parison of OLR7T mRNA levels in ob/ob mice and lean littermates in white adipose tissue, brown adipose tissue (BAT), and liver. n = 4 per condi-
tion. * P < 0.05 vs. lean. (D) The induction of OLR17 by TZDs in vivo is specific to white adipose tissue. Brown adipose tissue expression of OLR1
mRNA in lean or obese mice treated with ciglitazone does not significantly change, while OLR7 expression in liver is reduced with TZD treatment.
n =4 per condition. *P < 0.01 vs. vehicle-treated. (E) Serum oxLDL levels are reduced in lean mice treated with ciglitazone. n = 4 per treatment.
*P < 0.05 vs. vehicle. (F) Serum oxLDL levels are reduced in ob/ob mice treated with ciglitazone. n = 4 per treatment. *P < 0.01 vs. vehicle-treated.

myeloperoxidase-treated LDL (53); importantly, these forms of
oxidatively modified LDL were shown to induce strong cellular
responses in macrophages and endothelial cells to a level similar
to oxLDL prepared by copper oxidation in vitro (54-56). OxLDL
levels in the circulation are low relative to the total amount of
LDL (48), due to efficient clearance by the hepatic reticuloendo-
thelial system (57), blood antioxidants, and immune responses
generated by autoantibodies against oxLDL (58). However, it
is now widely accepted that oxidized forms of LDL do exist in
vivo and at detectable levels in the circulation, even in healthy
patients. While the role of oxLDL in adipocytes has not been well
studied, adipocytes are known to express scavenger receptors,
such as SR-B1 and CD36 (59, 60), and are capable of recognizing
and degrading oxLDL in part through CD36 (61). Our discov-
ery that OLR1 is upregulated in adipocytes by TZDs provides
further evidence that oxXLDL may play an important, though as-
yet-undefined, role in fat cell metabolism. Adipocytes are poor
at de novo cholesterol biosynthesis (13) and obtain a majority
of their sterols from lipoproteins in the circulation (10). Since
oxLDL is a rich source of cholesterol, scavenger receptors could
be essential for adipocyte uptake of the cholesterol required for
normal signal transduction, lipid raft function, and vesicular
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trafficking. Sufficient cholesterol levels have also been shown
to be essential for efficient insulin signaling, glucose transport,
and FFA uptake in adipocytes (9, 15).

Alternatively, since the adipocyte is designed to store large
amounts of lipids, it seems logical that the adipose tissue could
also serve as a major site of oxLDL detoxification, thus removing
it from the circulation and potentially inhibiting the formation
of atherosclerotic lesions. Increasing clinical evidence has shown
that rosiglitazone treatment significantly improves factors associ-
ated with coronary artery disease, including endothelial cell activ-
ity, inflammatory processes, and dyslipidemia (62-64). PPARY
ligands have also been demonstrated to reduce atherosclerosis
in mouse models (65, 66); 1 mechanism for this may involve the
induction of a cholesterol efflux pathway, which would prevent
foam cell formation (67, 68). In this study, we have demonstrated
that TZD treatment specifically induces OLR1 in adipose tissue
and reduces serum oxLDL levels in lean and obese animals. The
trapping of circulating oxLDL by adipocytes may thus be a novel
pathway by which TZDs mediate their antiatherosclerotic effects,
and this hypothesis should be further explored in vivo using
mouse models of atherosclerosis. Interestingly, while we have
shown that TZDs induce OLR1 in adipocytes to promote oxLDL
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uptake, PPARY ligands were shown to have a beneficial effect on
atherosclerosis by inhibiting OLR1 expression in endothelial cells
(69), which demonstrates the cell-specific and cardioprotective
effects of TZDs on oxLDL uptake.

The regulation of OLR1 expression in adipocytes by TZDs pro-
vides further insight into the mechanisms by which these drugs
regulate lipid metabolism and insulin sensitivity. Found at very
low levels in mature adipocytes but markedly induced by TZD
treatment, OLR1’s pattern of expression is distinct from that of
the classical PPARY target gene aP2, which is upregulated during
adipogenesis with only a mild further increase after TZD treat-
ment. In the same adipocyte milieu, PPARYy is bound to PPREs in
the promoters of both genes, but there is a differential recruitment
of cofactors: the aP2 gene is bound by coactivators, while the OLRI
gene is occupied by corepressors N-CoR and SMRT. Upon addi-
tion of a potent pharmacological PPARy ligand, corepressors are
released from the OLRI promoter, which leads to the recruitment
of coactivators to the most proximal PPRE, histone hyperacety-
lation, and active transcription of the gene. Other genes repressed
by PPARYy in a manner that is reversed by TZD treatment of adi-
pocytes are glycerol kinase (33) and GLUT4 (70). We have recently
reported a similar molecular switch underlying PPARy regula-
tion of glycerol kinase expression in adipocytes (71). The present
data demonstrate that gene-specific corepressor recruitment is a
generalized phenomenon and suggest that OLR1 may be more
highly regulated than glycerol kinase due to the presence of mul-
tiple PPREs within 2 kb of the promoter to which corepressors are
recruited in the absence of synthetic PPARy ligand. The specific
component of the adipocyte milieu that regulates the differential
requirement for synthetic ligand to activate PPARy on the OLRI
and aP2 genes remains to be determined.

Although results from tissue-specific knockout models sug-
gest direct roles of PPARY in liver and muscle (72-74), PPARYy is
expressed predominantly in adipocytes, and TZDs are less effec-
tive in the absence of adipose tissue (29). Thus, it is likely that
TZDs improve whole-body insulin sensitivity through their
actions on PPARy in adipocytes (75). The present data support
the notion that PPARy regulates 2 distinct gene programs in adi-
pocyte, one required for adipogenesis, the other involving nona-
dipogenic gene regulation that is responsible for the effects of
TZDs on lipid metabolism and insulin sensitivity. This appears
to involve the regulation of adipocyte-secreted proteins — includ-
ing leptin, TNF-q, resistin, and adiponectin (76) — and adipocyte
lipid metabolism (77). TZDs promote fatty acid uptake and tri-
glyceride storage in adipose tissue to reduce the level of plasma
FFAs and to promote the flux of fatty acids away from the liver
and muscle; high levels of plasma FFAs and of fatty acid in liver
and muscle correlate with insulin resistance (78, 79).

Adipose tissue is an ideal “sink” for lipids, but there must exist
a balance among the different lipid components in the cell that
permits the storage of large amounts of triglycerides yet allows the
adipocyte to respond to lipolytic and hormonal signals. There are
increasing data to suggest that the ability of adipocytes to effi-
ciently store triglycerides is correlated with the cholesterol bal-
ance in the cells and that cholesterol levels affect FFA uptake (15)
and the triglyceride content of the lipid droplet (10). Our results
show that the upregulation of OLR1 increases the total cholesterol
content and FFA uptake in adipocytes. One explanation for this
result is that the increased levels of adipocyte cholesterol caused
by OLR1 induction create a cellular environment that promotes
2252
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FFA uptake and enhances lipid storage. This is consistent with
previous work showing that cholesterol loading of adipocytes
enhances long-chain fatty acid uptake (15) and supports the con-
cept that adipocyte cholesterol uptake and lipid storage may be
coupled processes (10). However, another possibility is that OLR1
could be a direct transporter for FFAs as well as for cholesterol.
The identification of OLRI as a gene induced by TZDs suggests a
novel role for PPARY in the control of cholesterol metabolism in
the adipocyte, although further experiments are needed to eluci-
date the mechanism by which this occurs. It should be noted that
TZDs might induce HMG CoA enzyme activity, although HMG
CoA reductase mRNA was not changed by treatment with rosigli-
tazone, and ectopic expression of OLR1 was sufficient to increase
adipocyte cholesterol content.

TZDs have been reported to cause weight gain in patients due
to increased adiposity (80), despite the fact that excess fat is often
correlated to insulin resistance. This clinical observation is consis-
tent with experiments showing that TZDs increase the triglyceride
content of adipose tissue (30) and stimulate adipocyte differentia-
tion (81). Thus, weight gain due to increased storage of FFAs and
triglycerides in adipocytes may protect the liver and muscle from
lipotoxicity and thereby promote insulin sensitivity. Increased lipid
storage in mature adipocytes due to TZD treatment, promoted by
elevated cholesterol levels mediated largely through OLR1, would
be expected to increase their size, and larger adipocytes tend to be
insulin resistant (30). However, the overall effects of TZDs tend to
mitigate this effect. TZDs cause the differentiation of new, small
adipocytes and promote apoptosis of older, larger adipocytes (30).
In addition, TZDs induce PGC-1 and mitochondrial biogenesis in
adipocytes, increasing lipid oxidation (82).

Furthermore, hypertrophic, insulin-resistant adipocytes from
obese rodents are relatively cholesterol deficient (8), and choles-
terol-depleted adipocytes exhibit decreased insulin-stimulated
glucose oxidation, reduced GLUT4 mRNA levels, and upregulated
TNF-o and IL-6 mRNA (9). Our observation that adipose OLR1
expression is modestly increased in obesity may thus represent a
physiological response; the relative cholesterol deficiency seen in
hypertrophic adipocytes causes the upregulation of genes involved
in cholesterol biosynthesis (8) and may also upregulate cholester-
ol receptors such as OLR1. In addition, obesity is associated with
increased circulating levels of FFAs (78), which act as weak PPARy
ligands and could submaximally increase transcription of OLR1.
Treatment with TZDs taps into this pathway pharmacologically
and induces OLR1 to an even greater magnitude. The correspond-
ing replenishment of cholesterol in differentiated adipocytes
caused by TZDs may also contribute to enhanced FFA uptake and
improved insulin sensitivity.

In sum, we have identified OLRI as a novel PPARy-regulated gene
in adipocytes, thus uncovering a potential new role for oxLDL in
adipocyte metabolism. Rosiglitazone treatment increases oxLDL
uptake and total cholesterol levels in the adipocyte, and OLR1
plays an important role in mediating these effects. TZDs also
reduce serum oxLDL levels in lean and obese mouse models, poten-
tially by inducing OLR1 in white adipose tissue. Furthermore, adi-
pocytes in which the level of total cholesterol has been increased,
whether by rosiglitazone treatment or by increased expression of
OLR1, also exhibit an increased uptake of palmitic acid. Consistent
with this, rosiglitazone has been shown to increase FFA uptake in
3T3-L1 adipocytes (33) and adipose tissue (83). We propose that
cholesterol provides an essential link between TZD treatment and
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increased FFA uptake in adipocytes. While the physiological role of
adipose tissue in cholesterol and oxLDL metabolism remains to be
defined, our data support a critical role for OLR1 in the regulation
of adipocyte lipid metabolism and, potentially, insulin sensitivity,
by PPARy and its antidiabetic ligands.

Methods

Materials. All cell culture reagents were from Life Technologies Inc.
Human insulin, dexamethasone, isobutyl methylxanthine, and fatty
acid-free BSA were from Sigma-Aldrich. BRL 49653 (rosiglitazone) was
from BIOMOL. GW7845 was from GlaxoSmithKline, and the PPARy
antagonist PD068235 was from Pfizer.

Microarray analysis. 3T3-L1 adipocytes were maintained and differenti-
ated as previously described (18). On day 8, cells were treated with either
vehicle, 1 uM rosiglitazone, or 100 nM GW7845. Total RNA was harvested
with TRIzol (Invitrogen Corp.) 48 hours later, and biotin-labeled cRNA
was prepared according to the Affymetrix technical manual. Hybridization
to the murine genome U74Av2 array was performed at the University of
Pennsylvania Microarray facility, and expression data was analyzed using
GeneSpring software (Silicon Genetics; Agilent Technologies).

RNA analysis. 3T3-L1 adipocytes were maintained and differentiated
as described (84). On day 8 after differentiation, cells were treated with
appropriate reagents (see figure legends) for 48 hours. Total RNA was
extracted from 3T3-L1 cells, human adipocytes (Zen-Bio), and mouse epi-
didymal fat pads using TRIzol. For Northern blotting, the OLRI probe was
prepared using PCR with 3T3-L1 cDNA with the following primers: for-
ward, 5'-CCAAGCGAACCTTACTCAGC-3'; reverse, 5'-CCTGCTCTTTG-
GATTTCTCG-3'. The aP2 probe was prepared with PstI digestion of an
expression plasmid. Total RNA (10 ug) was analyzed on a 1% formaldehyde
agarose gel and transferred to Hybond-N membranes (Amersham Biosci-
ences). Hybridization of the 32P-labeled probes was done using QuikHyb
solution (Stratagene). For quantitative PCR, RNA was subjected to DNase
digestion followed by RT-PCR (Invitrogen Corp.). mRNA transcripts were
quantitated by the fluorogenic probe method using a Prism 7700 sequence
detector system (Applied Biosystems) and normalized to 36B4. TagMan
Gene Expression Assays (Applied Biosystems) were used for mouse CD36
and human OLR1. Primer and probe sequences used were as follows:
murine OLR1 (mOLR1) forward, 5'- CTGCACTCCTTCTTCCCCTTT-3;
mOLR1 reverse, 5'-GCCTGCACTTGAGGAGGATTT-3'; mOLR1, probe,
5'-CCTGCCTGACCTGGCCATGCTT-3'; 36B4 forward, S'-TCATCCAG-
CAGGTGTTTGACA-3'; 36B4 reverse, 5'-GGCACCGAGGCAACAGTT-3";
36B4 probe, 5'-AGAGCAGGCCCTGCACTCTCG-3'.

In vivo experiments. C57BL/6] and ob/ob mice (Jackson Laboratory),
aged 11 weeks, were housed (n = 4 per cage) under 12-hour light/12-hour
dark cycles at 23°C with ad libitum access to food and water. Animals
were mock dosed for 4 days with 0.25% methylcellulose before receiv-
ing either vehicle, 4 mg/kg/d rosiglitazone, or 100 mg/kg/d ciglitazone
via oral gavage for 4 days. Epididymal adipose tissue was dissected, and
total RNA was extracted for Northern blot analysis. Animal care and
procedures were approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania.

Luciferase reporter assays. The promoter fragments were generated using
PCR of mouse genomic DNA (BD Biosciences — Clontech) and cloned
into the pCR Blunt II TOPO vector using the Zero Blunt TOPO PCR
cloning kit (Invitrogen Corp.). The following primer sequences were
used: -1,738 forward, 5'-ACATGTGTTCTGTGACCTTTGC-3"; -1,169
forward, 5'-CAGAGATAGGAGGGAATCTGGA-3'; -907 forward, 5'-
AGCCAAGGCATAGGTCAGAGTA-3'; -593 forward, 5'-CTATTTC-
TACTGGGCTGCTGCT-3'; +34 reverse, S'-ATCAAAAGTCATTTC-
CAAATTCATGCTA-3'.
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After sequencing for mutations and orientation, the promoter frag-
ments were excised with either Sacl and Xbal (correct orientation) or EcoRV
and Sacl (reversed) and ligated into the pGL2 Basic vector (Promega)
digested with either Sacl and Nbel (for correctly oriented inserts) or Smal
and Sacl (for reversed inserts). Point mutations were generated in the lon-
gest reporter plasmid using the QuikChange Multi Site-Directed Muta-
genesis Kit (Stratagene) according to the manufacturer’s protocol, and all
constructs were confirmed by sequencing. Transfections were performed
in HEK 293T cells (ATCC) with FuGENE 6 (Roche Diagnostics Corp.)
using 0.2 ug each of pCMX-PPARY2 and pCMX-RXRa and 0.4 pg lucif-
erase reporter per well of a 12-well plate. f-Galactosidase plasmid (0.1 ug
per well) was used for transfection normalization. All assays were analyzed
using the Luciferase Reporter Assay system (Promega). Experiments were
performed in triplicate multiple times.

EMSAs. Double-stranded DNA oligomers were designed with 5" EcoRI
and 3’ BamHI overhangs and annealed in STE buffer (20 mM TRIS HCI ph
7.4,0.15 M NaCl, ImM EDTA, 1% aprotinin). The annealed oligomers were
ligated into pCMX, and the probe was excised with Xhol and Nbel diges-
tion, then end-labeled with [0-32P]dATP using the large fragment of E. coli
polymerase I (Klenow fragment). The complete probe sequences are shown
in Figure 3; the wild-type and mutated PPREs were as follows (PPREs are
underlined): A, 5'-GTTTCTTAGTGAAAGGTCATGAAGC-3'; mutated A,
S-GTTTCTICCTGAAACCTAATGAAGC-3'; B, 5'-AAAGCCAAGGCATAG-
GTCAGAGTAA-3'; mutated B, 5'-~AAAGCCACCGCATACCTAAGAGTAA-3';
C, S-CTGATTTGCCCTCTGACCTCCACTT-3"; mutated C, 5'-CTGATTT-
GCAATCTCAAATCCACTT-3; D, 5'- CACATGTGTTCTGTGACCTTTGC-
TA-3'; mutated D, 5'-CACATGTGTAATGTCAAATTTGCTA-3'.

Invitro translation of pPCMX-PPARY2 and pCMX-RXRa was performed
using the TnT-coupled reticulocyte lysate system (Promega) as recom-
mended by the manufacturer. Recombinant proteins (2 ul of each) were
incubated with 0.2 ug of radiolabeled probe in a reaction buffer con-
sisting of 40 mM KCl, 10 mM Tris-HCI (pH 7.5), 0.2 mM EDTA, 1 mM
DTT, 6% (vol/vol) glycerol, 0.1% (vol/vol) NP-40, and 2 ug poly (dI-dC)
(Roche Diagnostics Corp.) in a total volume of 20 ul. These reactions
were allowed to proceed for 20 minutes at room temperature, then load-
ed onto a 6% polyacrylamide nondenaturing gel and resolved in x0.5 tris-
borate-EDTA buffer (TBE). For the cold competition experiments, an
unlabeled oligonucleotide containing the wild-type PPRE DR-1 sequence
was added to the reaction buffer (2 ul of 200 nM, 2 uM, and 20 uM stock
solutions) and preincubated for 20 minutes at room temperature before
the radiolabeled probe was added.

ChiP assays. The ChIP assay was modified from a published protocol (85)
as follows. 3T3-L1 adipocytes were treated on day 8 with 1 uM rosiglitazone
for 48 hours. Chromatin was sonicated to an average size of 300-400 bp,
and 400 ug/ml of total DNA was used per immunoprecipitation. Ten micro-
grams of the following antibodies were used: normal rabbit IgG, PPARy, CBP,
SRC-1, and PBP (Santa Cruz Biotechnology Inc.), acetylated histone H3 and
H4 (Upstate Biotechnology), and SMRT and N-CoR (ABR — Affinity Biore-
agents). All assays were repeated at least 3 times, with similar results. Primers
used for ChIP PCR were as follows: A forward, 5'"-TGAACAAACAAGTCGAAC-
CATC-3'; A reverse, 5'-TGTGGGTGGGGAGAATTATATC-3'; B forward,
5'-AGCCAAGGCATAGGTCAGAGTA-3'; B reverse, 5'-ATGTTCCAATG-
GCCAGGTATAG-3'; C forward, 5'-CAGAGATAGGAGGGAATCTGGA-3';
C reverse, 5'"-TATGTGTGCAAAACACAGATGC-3'; D forward, 5'-ACAT-
GTGTTCTGTGACCTTTGC-3'; D reverse, 5'-CTGGGACTTTTCTCTT-
GTGCTT-3'; aP2 forward, 5-"ATGTCACAGGCATCTTATCCACC-3'; aP2
reverse, 5'-AACCCTGCCAAAGAGACAGAGG-3'.

Adenoviral overexpression of OLRI. The open reading frame of OLRI was
cloned and FLAG-tagged using PCR of 3T3-L1 adipocyte cDNA with
the following primers: forward, 5'-CCACCATGGATTACAAGGATGAC-
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GACGATAAGACTTTTGATGACAAGATG-3'; reverse, 5'-CTTCTC-
CAGAATCTTTAGATTCACTAAATTTGCAAATGA-3'. The OLR1 ORF was
cloned into pCR2.1-TOPO using the TOPO TA Cloning Kit (Invitrogen
Corp.) and sequence verified. The insert was excised using Kpnl and EcoRV
digestion and ligated into the Kpnl and EcoRV sites of pPCMX. FLAG-OLR1
recombinant protein expression was confirmed by transfection into HEK
293T cells and Western blotting of the protein lysates with an anti-FLAG
antibody (Sigma-Aldrich) and an anti-OLR1 antibody (Y-21; Santa Cruz
Biotechnology Inc.). Adenovirus expressing OLR1 was generated using the
BD Adeno-X Expression System (BD Biosciences — Clontech) according to
the manufacturer’s protocol. Briefly, the FLAG-OLR1 cDNA insert from
pCR2.1-TOPO was excised with BamHI and Xbal digestion and cloned
into the same sites in the pPDNR-CMYV (BD Biosciences — Clontech) vector.
Recombinants were sequence verified and transfected into HEK 293T cells
to ensure that the protein was being expressed under the new CMV pro-
moter. The insert was then recombined into the Adeno-X vector using Cre
recombinase. The adenoviral expression vector containing FLAG-OLR1
was linearized with Pacl and transfected into HEK 293 cells (ATCC) using
FuGENE. After 14 days, cells were harvested and subjected to freeze-thaw
lysis; the cell lysate was then used to infect fresh HEK 293 cells. The cell
lysates were harvested after 4 days and used to infect 3T3-L1 adipocytes.
Adenovirus expressing EGFP was generated in parallel as a control, and
the 2 adenoviruses were titered using the BD Adeno-X Rapid Titer Kit (BD
Biosciences — Clontech). Adenovirus infection of 3T3-L1 adipocytes was
performed as described previously (86). Equal titers of adeno-GFP and
adeno-OLR1 were used, which resulted in a greater than 95% infection effi-
ciency. Cells were infected on day 5 after differentiation, and experiments
were performed on days 8-10.

Western blotting. 3T3-L1 cells were treated as described, and whole-cell
extracts were made in RIPA buffer. Equal amounts of protein were sub-
jected to SDS-PAGE and transferred to PVDF membranes. OLR1 primary
antibody (Y-21) and anti-goat secondary antibody (Santa Cruz Biotechnol-
ogy Inc.) were used to probe for OLR1 protein, and ECL Plus (Amersham
Biosciences) was used for detection.

Lentiviral RNA interference of OLRI. The BLOCK-iT Lentiviral siRNA
Expression System (Invitrogen Corp.) was used to construct siRNA vectors
for OLR1 according to the manufacturer’s protocol. The siRNA sequence
for OLR1, 5'-AAGTCATGTGGCAAGAAGCCT-3', was designed as a hairpin
sequence and cloned into the U6 promoter Entry Vector (Invitrogen Corp.),
then recombined into the pLenti6/BLOCK-T siRNA vector. This vector was
sequence verified and used for lentivirus production at the Vector Core of’
the University of Pennsylvania. A lentivirus siRNA vector against human
lamin A/C provided in the kit was used as a negative control. Equal titers of
lentivirus were mixed with DMEM containing 10% FBS and 6 ug/ml hexadi-
methrine bromide (Sigma-Aldrich), and 250 ul of the virus media was added
to each well of a 24-well plate of 3T3-L1 adipocytes on day 4 after differen-
tiation. The plate was spin-infected at 300 g for 1 hour at 30°C immediately
and once again 24 hours later. Fresh media was added on day 6, and the
cells were treated with DMSO or 1 uM rosiglitazone on day 9 for 48 hours.
Reduction of OLR1 levels in the cells was confirmed by Western blotting.

[*#1JoxLDL uptake assays. Uptake assays were performed essentially as
described previously (61). ['2°TJoxLDL and unlabeled human LDL and
oxLDL were purchased from BTI Inc. A standard protocol was used by the
manufacturer, in which oxLDL was prepared by exposing LDL to 20 uM
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CuSO, for 24 hours at 37°C. Thiobarbituric acid-reactive substances were
determined using malondialdehyde as a standard to evaluate the degree
of oxidation (oxLDL is 200- to 300-fold more reactive than starting LDL),
and oxLDL was evaluated for receptor binding to macrophages. Day 10
3T3-L1 adipocytes treated for 48 hours with vehicle or rosiglitazone were
serum starved for 1 hour in DMEM with 2% fatty acid-free BSA (Sigma-
Aldrich). ['*TJoxLDL (0.25-1 uCi) was added to each well of a 12-well
plate, and the cells were incubated at 37°C for 4-5 hours. Nonspecific
binding was measured in the presence of a 20-fold excess of unlabeled
oxLDL, and results were subtracted from the raw values. The cells were
washed 3 times in PBS plus 0.5% BSA and 3 times in PBS, then lysed with
0.1% SDS in PBS. Radioactivity was assessed in a gamma counter. All
experiments were repeated at least 3 times.

Total cholesterol assays. Day 8 3T3-L1 adipocytes in 24-well plates were
incubated in DMEM containing 10% FBS and oxLDL (1-10 ug/ml) for
48-72 hours. Cells were washed with PBS, then lipids were extracted in
250 ul isopropanol for 6-12 hours. Total cholesterol levels were assayed
with a colorimetric kit (Wako Chemicals USA Inc.). All experiments were
performed in quadruplicate at least 3 times.

Fatty acid uptake assays. Assays were performed essentially as described
previously (44). Briefly, day 8 3T3-L1 adipocytes were incubated in DMEM
with 10% FBS and oxLDL (1-10 ug/ml) for 48 hours, then preincubated
for 4 hours in serum-free DMEM with 0.2% BSA (fatty acid-free). Media
was changed to Krebs-Ringer phosphate (KRP) buffer with 0.2% BSA for
1 hour. A 100 uM 1:1 palmitate/BSA mixture in KRP with 5 mM glucose,
containing trace amounts of [*H|palmitic acid (PerkinElmer), was added to
each well, and uptake was performed for S minutes at 37°C. The media was
then aspirated and the wells were washed 3 times with cold PBS containing
0.1% BSA and 200 uM phloretin. Cells were lysed with 0.1% SDS/PBS, and
radioactivity was quantitated in a scintillation counter. Experiments were
performed in triplicate multiple times.

Measurement of serum oxLDL levels. Assays were performed using the Oxidized
LDL ELISA immunoassay kit as described by the manufacturer (Mercodia).

Statistical analysis. All results are expressed as mean + SEM. Statistical
significance was determined using either the 2-tailed Student’s ¢ test or
ANOVA, as appropriate, and P < 0.05 was deemed significant.
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