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Although triglyceride-rich particles, such as very low-density lipo-
protein (VLDL), contribute significantly to human atherogenesis,
the molecular basis for lipoprotein-driven pathogenicity is poorly
understood. We demonstrate that in macrophages, VLDL functions
as a transcriptional regulator via the activation of the nuclear
receptor peroxisome proliferator-activated receptor �. The signal-
ing components of native VLDL are its triglycerides, whose activity
is enhanced by lipoprotein lipase. Generation of peroxisome
proliferator-activated receptor � null macrophages verifies the
absolute requirement of this transcription factor in mediating the
VLDL response. Thus, our data reveal a pathway through which
dietary triglycerides and VLDL can directly regulate gene expres-
sion in atherosclerotic lesions.

Epidemiological studies indicate a strong link between the
increased intake of dietary fats (cholesterol and fatty acids)

and the dramatic rise in the incidence and prevalence of obesity,
type II diabetes mellitus, and atherosclerosis in Western societies
(1). Emerging from fatty streaks, atherosclerotic lesions are
subject to chronic inflammation resulting from persistent injury
to the vessel wall (2). Low-density lipoprotein (LDL) and its
oxidation product, oxidized LDL (oxLDL), are key causative
factors that result in injury to the vascular endothelium (3). Once
circulating monocytes are recruited to these sites of injury, they
differentiate into resident macrophages and internalize oxLDL
via their scavenger receptors. We and others have previously
identified two nuclear receptors, peroxisome proliferator-
activated receptor (PPAR)� and liver X receptors, that in
macrophages act as sensors for oxidized lipids present in oxLDL
(4–6). Indeed, activation of PPAR� results in the induction of
two pathways that efficiently couple oxLDL uptake to choles-
terol eff lux in cultured macrophages, suggesting that PPAR�
activation may serve this role in vivo (7–9).

Although LDL and oxLDL were previously considered to be
the only lipid particles important in atherogenesis, recent studies
in humans have established triglyceride-rich lipoproteins, such as
the very low-density lipoprotein (VLDL), as an additional risk
factor for development of atherosclerotic heart disease (10, 11).
The detection of lipoprotein-derived triglycerides in human
and rabbit atheromas supports a presumptive role in pathogen-
esis (12, 13). In addition, remnant particles (hydrolyzed chylo-
micra and VLDL particles) or triglycerides have been shown to
predict the extent and progression of coronary artery disease in
humans (14, 15). Consistent with this idea, treatment of hyper-
triglyceridemic patients with triglyceride-lowering therapy
dramatically decreases the morbidity and mortality from isch-
emic heart disease (16). Despite these clinical advances, a
molecular route through which VLDL or its component lipids
promote the progression of macrovascular disease remains
largely unexplained.

Here, we describe a transcriptional pathway, in the macro-
phage, driven by VLDL through the activation of PPAR�. The
transcriptionally active components of native VLDL particle are
its triglycerides, which can be released by the lipolytic action of

lipoprotein lipase. Treatment of WT macrophages with VLDL
results in triglyceride accumulation and the induction of adipose
differentiation-related protein (ADRP). Remarkably, disrup-
tion of the PPAR� gene in macrophages completely abolishes this
transcriptional response to native VLDL. Collectively, our work
has identified a transcriptional pathway through which dietary
triglycerides that are incorporated into VLDL can directly
regulate gene expression in cells of the vessel wall.

Materials and Methods
Reporter and Expression Vector Constructs. 5�-RACE on the mouse
ADRP gene was performed using RNA from 3T3-L1 cells, and
the extended RACE product was used to screen a mouse
genomic library (Stratagene). A 2-kb fragment containing the
promoter and part of exon 1 was PCR amplified and cloned into
the MluI�EcoRI sites of pGL3-basic vector to yield the �2,065
construct. StuI and PvuII digestions of �2,065 construct gener-
ated the deletion reporter constructs, and the mutations in the
DR1 site were introduced by the QuikChange site-directed
mutagenesis kit (Stratagene). Three copies of annealed oligos,
containing the ADRP PPAR response element (PPRE), were
cloned into the HindIII and BamHI sites of thymidine kinase
(TK)-luciferase reporter vector. For the hemagglutinin (HA)-
tagged ADRP expression plasmid, full-length ADRP cDNA was
cloned into the EcoRI�XhoI sites of HA-tagged CMX expres-
sion vector. Full-length mouse PPAR� was cloned into the SnaBI
site of pBabe-puro to generate the pBabe-puro-PPAR� retro-
viral expression plasmid (17).

Transient Transfections and Gel Mobility-Shift Assays. A total of 5 �
105 CV-1 and 2 � 106 RAW cells were plated in 96- and 48-well
plates, respectively, in DMEM supplemented with 10% FBS.
Transfections were performed with Lipofectamine 2000 (In-
vitrogen) per manufacturer’s instructions. Twenty-four hours
after transfection, cells were treated with ligands (2 �M cPGI,
0.1 �M GW501516, 0.1 �M LG268), lipoproteins (Intracel,
Frederick, MD), or triglycerides (50 �M, Sigma) for an addi-
tional 24 h. Triglyceride stocks were formulated in chloroform,
and appropriate dilutions were made in 1% fatty acid-free BSA
with vigorous agitation. All transfections were performed in
triplicate and repeated at least three independent times. Gel-
shift assays were performed as described using 32P-labeled oligos
containing either the WT or mutant DR1 of the ADRP PPRE
(WT oligo, 5�-TTGTAGGTGAAAGGGCAAAGA-3�; mutant
oligo, 5�-TTGTAAGCTTAAGGGCAAAGA-3�).
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oxidized LDL; ADRP, adipose differentiation-related protein; TK, thymidine kinase; HA,
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embryo fibroblasts.
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Generation of PPAR� Null Embryonic Stem (ES) Cells and ES Cell
Differentiation into Macrophages. Both the WT and PPAR� null
ES cells were differentiated into macrophages as de-
scribed (18).

Northern Analysis, Flow Cytometry, and Immunolocalization. RNA
was extracted from cells by using the Trizol reagent (Invitrogen),
and Northern blot analysis for various genes was performed as
described (18). For FACS analysis, cultured macrophages were
removed from Petri dishes with ice-cold PBS supplemented with
5 mM EDTA. Samples were incubated for 15 min at 4°C with
FITC-conjugated antibodies F4�80 (Serotec), Mac-1, Gr1, and
2.4G2 (PharMingen) and washed and analyzed on the Becton
Dickinson FACScan using CELLQUEST software (BD Bio-
sciences, Franklin Lakes, NJ). For immunolocalization studies,
CV-1 cells were grown on chamber slides (Nalgene) and trans-
fected with either 1 �g of pCMX-HA-ADRP or the CMX empty
vector. Transfected cells were loaded with VLDL�lipoprotein
lipase (LPL) for an additional 24 h. Subsequently, cells were
fixed in 4% formaldehyde and stained with rabbit anti-HA
antibody (Upstate Biotechnology, Lake Placid, NY) followed by
FITC-conjugated goat anti-rabbit secondary antibody (Santa
Cruz Biotechnology). Cellular images were obtained by using an
Olympus IX-70 deconvolution microscope and DELTAVISION
software (Applied Precision, Issaquah, WA).

Stable Cell Lines. Control and PPAR� expression plasmids were
packaged into retroviruses by transient transfection of Phoenix
A cells. NIH 3T3 cells were infected with viral supernatants at
50% confluence in 6-well plates and selected for stable integra-
tion with puromycin (2 �g�ml) over 7–10 days.

Results
The identification of synthetic PPAR� agonists has revealed an
important role for this receptor in lipid metabolism (19, 20).
However, the endogenous signaling pathways that are key to its
core biological function are poorly understood. Because we have
previously shown that oxLDL can transcriptionally activate
PPAR�, we explored the possibility that other native lipoprotein
particles might constitute a comparable PPAR� activation path-
way (4). Remarkably, VLDL emerged from this survey as an
efficient activator of PPAR� in a reporter system (Fig. 1A). This
activation was specific to VLDL, because neither LDL nor HDL
particles produce PPAR� activation. Furthermore, a physiologic
concentration of VLDL (100 �g�ml) closely approximated the
maximal efficacy of synthetic PPAR� ligands such as carbopros-
tacyclin (2 �M) and GW 501516 (0.1 �M) (Fig. 1B and data not
shown). To determine whether the VLDL particle acts through
the ligand-binding domain (LBD), we carried out transient
transfection assays with a chimeric receptor, in which the GAL4
DNA binding domain (DBD) is fused in frame to the ligand
binding domain of PPAR�. As expected, VLDL efficiently
transactivated the GAL4-PPAR� fusion (Fig. 1B), suggesting
that the VLDL particle may be an endogenous source of PPAR�
ligands.

VLDL is a large lipoprotein particle that is composed of
triglycerides, free and esterified cholesterol, phospholipids, and
apolipoproteins (21). Being a triglyceride-rich particle, VLDL
transports liver-synthesized triglycerides to the peripheral tis-
sues. In peripheral tissues, triglycerides present in VLDL are
hydrolyzed by LPL into fatty acids, thereby allowing their entry
into cells (22). We therefore hypothesized that if the activating
component of the VLDL particle were its triglycerides, coincu-
bation with LPL should enhance the ability of the particle to
transactivate PPAR�. Indeed, as shown in Fig. 1B, coincubation
with LPL greatly augmented the activity of VLDL on GAL4-
PPAR�, with maximal stimulation attained at a 10-fold lower
dose of VLDL (10 �g�ml). Furthermore, to determine whether

any of the triglycerides that are normally found in native VLDL
can activate PPARs, we next conducted a systematic screen with
various triglycerides on all three PPAR subtypes, using the
GAL4-PPAR(�,�,�) chimeric receptors. Remarkably, coincu-
bation of triglycerides of varying chain lengths with LPL revealed
that both mono- or polyunsaturated triglycerides are efficient
activators of both GAL4-PPAR� and GAL4-PPAR�, but not of
GAL4-PPAR� (Fig. 1C). Lastly, although treatment of cells with
triglycerides and LPL recapitulates the transcriptional response
of VLDL�LPL on PPAR�, we cannot exclude the possibility that
triglyceride-rich remnant lipoproteins, the residual product of
VLDL lipolysis, might also serve to activate this receptor.

The role of PPAR� in mediating VLDL signaling in mac-
rophages was genetically dissected using ES cells. We gener-
ated PPAR�-null ES cells by retargeting the remaining WT
allele in the previously established PPAR� heterozygous ES
cell line (clone IIIA4) (23). The retargeting construct har-
bored a knock-in of the lacZ gene upstream of the first zinc

Fig. 1. PPAR� is activated by the VLDL particle. (A) VLDL particle transacti-
vates full-length PPAR�. Transient transfection experiments were performed
in triplicate in CV1 cells using the AOx-PPRE3 luciferase reporter construct
(0.1 �g) and the CMX-PPAR��CMX-RXR� expression vectors (10 ng each)
as described in Materials and Methods. Transfected cells were cultured in
lipoprotein-deficient FBS and treated with ligands or lipoproteins for 24 h
before collection for reporter gene analysis. Luciferase activity was normal-
ized for transfection efficiency to an internal �-galactosidase control. (B) VLDL
particle activates via the ligand binding domain of PPAR�. CV-1 cells were
cotransfected with the chimeric receptor, GAL4DBD-PPAR�LBD, and the UAS3

luciferase reporter gene. Transfected cells were subsequently treated with
varying concentrations of cPGI, VLDL, or VLDL coincubated with 10 �g�ml LPL.
(C) Triglycerides present in VLDL transactivate PPAR�. Transient transfections
were performed in CV-1 cells with GAL-PPAR (�, �, and �) and UAS3 luciferase
reporter. Triglycerides were coincubated with LPL (10 �g�ml) in 1% BSA
before their addition to the medium (50 �M final concentration).
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finger of the DNA-binding domain, generating an in-frame
fusion between lacZ and a short N-terminal fragment of
PPAR� (Fig. 2A). Homologous recombination of the second
allele of PPAR� was confirmed by Southern blot analysis (Fig.
2B). To study the regulatory role of PPAR� in macrophage
gene expression, we used an in vitro ES cell differentiation
assay to generate both WT and PPAR� null macrophages (18).
As shown in Fig. 2C, both PPAR��/� and PPAR��/� ES cells
were equally capable of differentiating into macrophages, as
judged by cellular morphology and expression of myeloid
cell-surface markers, such as F4�80, Fc�RII�Fc�RIII, and
CD11b�CD18 (24).

We have previously described a lipid cycle in macrophages, in
which components of oxLDL activate PPAR� and induce the
expression of the scavenger receptor CD36 and the oxysterol
receptor liver X receptor � (LXR�) (7, 25). Because PPAR� and
PPAR� share a high degree of homology in their DNA-binding
domains (26), we expected PPAR� to also transcriptionally
regulate these genes. However, to our surprise, gene-expression
analysis of WT and PPAR� null macrophages revealed that,
unlike PPAR�, PPAR� activation does not significantly induce

CD36 or LXR� (data not shown). Therefore, we next sought to
determine whether PPAR� participates in the regulation of a
subset of genes relevant to VLDL metabolism. Various cellular
proteins, including cell-surface receptors and LPL, mediate the
uptake and clearance of VLDL (27). Although WT ES cell-
derived macrophages express low levels of the VLDL receptor,
no induction of this gene is observed on treatment with either
PPAR� or PPAR� ligands. In contrast, the expression of VLDL
receptor gene is dramatically induced in PPAR� null macro-
phages (Fig. 3), suggesting that this gene is either directly or
indirectly suppressed by PPAR�. Furthermore, the induction of
VLDL receptor gene was specific, as the expression of both the
chylomicron remnant receptor (LRP1) and LDL receptor
(LDLR) was unchanged in both the WT and PPAR��/� mac-
rophages. Finally, although LPL is abundantly expressed in
macrophages of both genotypes, lipid loading of macrophages
with VLDL down-regulates its expression in a PPAR�-
independent manner (Fig. 3), suggesting a potential regulatory
involvement with the SREBPs (28, 29). Collectively, these data
suggest that by sensing different components in lipoprotein
particles, PPAR� and PPAR� orchestrate distinct transcrip-
tional responses to regulate macrophage lipid metabolism.

Fig. 2. Generation of PPAR�-deficient ES cells and macrophages. (A) Targeting scheme for generation of PPAR� null ES cells. The G418-sensitive ES cell clone
IIIA4 (23) consists of a mixture of cells heterozygous for the WT PPAR� allele (�, Bottom) and either a null ‘‘floxed-out’’ allele (�, Top) or a conditional ‘‘floxed’’
allele (ck, not shown). This clone was retargeted with a construct containing a lacZ gene knocked-in, which disrupts PPAR� upstream of the first zinc finger
DNA-binding motif (lz, Middle). Patterned bars below each allele represent the corresponding predictions of EcoRI-flanked DNA fragments when probed with
a 3�-external probe. Restriction sites: E, EcoRI; Nh, NheI. (B) Southern blot analysis of PPAR� null ES cells. The individual daughter clones generated by retargeting
the IIIA4 cells contain different biallelic combinations of PPAR�: cells heterozygous for the WT and the newly introduced lacZ knock-in allele (�/lz; lane 1); two
G418-resistant clones carrying the original IIIA4 allelic combinations ck/� and �/� (lanes 2 and 3, respectively) and a likely nonhomologous integration of the
neoR gene; and the PPAR� null ES clone analyzed functionally in this study (lz/�, lane 4; *), in which the lz allele integrated in place of the remaining WT allele
of clone IIIA4. Allelic identity was further confirmed using a 5� external probe (not shown). (C) FACS analysis of PPAR��/� and PPAR��/� ES cell-derived
macrophages. Macrophages were generated from ES cells as described in Materials and Methods. WT or PPAR� null macrophages were stained with the indicated
antibodies (dark gray) or isotype control (light gray). Macrophage cell-surface markers include F4�80, Mac-1 (CD11b�CD18), and 2.4G2 (Fc�RII�Fc�RIII). Gr.1
(Ly-6G), a granulocyte lineage-specific marker, is used here as a negative control.
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Treatment of differentiated macrophages or various other cell
types with the VLDL�LPL combination results in accumulation
of cytoplasmic lipid droplets that are composed of triglycerides
and esterified cholesterol (data not shown). Because ADRP has
been shown to be associated with small lipid droplets in various
cell types (30), we next evaluated whether loading of cells with
a VLDL�LPL combination results in recruitment of ADRP to
the lipid droplet. For these studies, CV-1 cells were transiently
transfected with HA-ADRP, and the cytoplasmic distribution of
HA-ADRP was followed after VLDL�LPL loading. As shown in
Fig. 4A, HA-tagged ADRP has a nonspecific staining pattern in
untreated CV-1 cells. However, VLDL�LPL treatment of trans-
fected CV-1 cells results in redistribution of HA-tagged ADRP
onto discrete oil red O-positive droplets (Fig. 4A and data not
shown). We next sought to determine whether the activation of
PPAR� by VLDL leads to the induction of the ADRP gene in
differentiated macrophages. Indeed, treatment of WT or
PPAR� null macrophages with both the synthetic and natural
PPAR� ligands resulted in dramatic induction of the ADRP
mRNA (Fig. 4B). In contrast, no change in ADRP expression
was observed with ligand treatment of PPAR� null macro-
phages, indicating unequivocally that the endogenous PPAR�
gene in macrophages mediates transcriptional response to the
VLDL particle (Fig. 4B).

Having established that PPAR� is essential for mediating the
transcriptional response of the VLDL particle in macrophages,
we next sought to determine whether ectopic expression of
PPAR� is sufficient for this process. For these experiments, a
retroviral vector (Babe-PPAR�) was used to express PPAR� in
NIH 3T3 cells. Treatment of control cells with the PPAR� ligand
carboprostacylin (cPGI), the retinoid X receptor (RXR)-specific
ligand LG268, or VLDL had no effect on the expression of
ADRP (Fig. 4C). In contrast, treatment of NIH-PPAR� cells
with cPGI, LG268, or VLDL resulted in a robust induction of
ADRP (Fig. 4C), suggesting that forced expression of PPAR� is
sufficient to confer transcriptional responsiveness to the VLDL
particle.

To determine whether the ADRP gene is a direct target for
transcriptional regulation by PPAR��RXR heterodimers, we
performed transient transfection experiments with the mouse

ADRP promoter. A reporter construct containing 2.1 kb of the
proximal promoter of ADRP was efficiently activated by both
synthetic and natural PPAR� ligands in RAW 267.4 cells (Fig.
5A). Sequence analysis of the responsive promoter fragment
revealed a potential DR-1 element, the preferred binding site
for PPAR�RXR heterodimers (31), between �2,004 and
�1,992 bp (Fig. 5A). Consistent with the notion that this
element may mediate ADRP induction by PPAR�, deletion of
the region between �2,004 and �1,862 bp, but not of the
adjacent region between �1,951 and �1,862 bp, abrogated the
response of the promoter to liganded PPAR��RXR het-
erodimers (Fig. 5 A and B). Gel mobility shift assays revealed
that all three PPAR subtypes could bind the DR-1 PPRE of the
ADRP promoter. This binding of ADRP PPRE by PPAR��
RXR� and PPAR��RXR� heterodimers is consistent with the
observed regulation of this gene by PPAR� and PPAR�
ligands in other cell types (refs. 32–34 and data not shown).
Competition with excess unlabeled probes further established
the specificity of binding by PPAR�RXR heterodimers. In
addition, mutations in the ADRP PPRE abolished both the
binding and activation by liganded PPAR��RXR� het-
erodimers (Fig. 5 A and B). Transient transfection experiments
with a reporter gene containing three copies of the ADRP
PPRE upstream of a heterologous promoter (ADRP PPRE3-

Fig. 3. VLDL receptor is dramatically induced in PPAR� null macrophages. WT
or PPAR��/� ES-derived macrophages were treated with vehicle, rosiglitazone
(1 �M), GW 501516 (0.1 �M), or VLDL (50 �g�ml) for 24 h. Total RNA (5 �g) was
analyzed by Northern blotting using 32P-labeled cDNA probes. An equivalent
amount of intact RNA was run present in each lane as accessed by hybridiza-
tion to K-FABP cDNA probe.

Fig. 4. VLDL and PPAR� regulate ADRP expression. (A) Lipid loading with
VLDL�LPL results in redistribution of cytoplasmic ADRP. Expression vector
containing HA-tagged mouse ADRP was transfected into CV-1 cells grown on
chamber slides. After a 24-h treatment with VLDL�LPL, cells were stained with
anti-HA antibody and visualized with FITC-conjugated secondary antibody. (B)
PPAR� and VLDL regulate ADRP expression in macrophages. WT, PPAR�, or �

null macrophages were treated with cPGI (2 �M), GW 501516 (0.1 �M), or VLDL
(25 �g�ml) for 24 h. (C) Ectopic expression of PPAR� confers VLDL responsive-
ness onto cells. NIH vector and NIH-PPAR� cells were treated with vehicle, cPGI
(2 �M), LG 268 (0.1 �M), or VLDL (100 �g�ml) for 24 h. Gene expression
analyses were performed by Northern blots with 32P-labeled cDNA probes.
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TK-Luc) confirmed that the identified element was as effi-
ciently activated as the control reporter (AOx PPRE3-TK-Luc)
by PPAR��RXR heterodimers in vivo (Fig. 5C). Finally, to
evaluate if endogenous PPAR� and VLDL�LPL are sufficient

to activate the ADRP promoter, we performed transient
transfection assays with a �2,065-bp reporter construct in
PPAR��/� or PPAR��/� mouse embryo fibroblasts (MEFs).
As expected, treatment of transfected PPAR��/� MEFs, which
express PPAR� (data not shown), with both the synthetic
PPAR� ligands and VLDL�LPL combination resulted in
robust activation of the reporter gene (Fig. 5D). In contrast,
neither the synthetic ligands nor the VLDL�LPL combination
could transactivate the ADRP promoter in PPAR� null MEFs
(Fig. 5D). This was easily rescued by exogenous expression of
PPAR�, further verifying that the endogenous PPAR� is
sufficient to mediate transcriptional effects of VLDL on the
ADRP promoter.

Discussion
Whereas VLDL and serum triglycerides are known additional
risk factors for coronary artery disease, how they modulate
macrophage response and lesion progression is largely unknown.
The data presented here show that PPAR� mediates the tran-
scriptional response to native VLDL in macrophages. Transcrip-
tional activation of PPAR� by VLDL leads to the induction of
the ADRP gene, which may potentially allow lesion macrophages
to store excess triglycerides. Consistent with this, deletion of
PPAR� gene in macrophages completely abolishes the induction
of the ADRP gene by VLDL. Taken together with our previous
studies, these data show that in contrast to PPAR�, which
responds to the oxidized fatty acids present in oxLDL (4),
PPAR� functions as a sensor for the triglycerides present in the
VLDL particle.

VLDL is synthesized and secreted by the liver to transport
triglycerides and cholesterol to peripheral tissues (22). The
composition of the fatty acids present as the triglyceride moieties
in VLDL particles closely reflects the hepatic pool of preformed
fatty acids (35, 36). These preformed fatty acids are either
proximally derived from dietary intake (37) or from a pool of
fatty acids being mobilized from adipose tissue in states of insulin
resistance, such as type II diabetes mellitus (38, 39). Because
both PPAR� and PPAR� are activated by the triglycerides
present in the VLDL particle, their distinctive functions can be
attributed to PPAR� expression in the liver and PPAR� expres-
sion in peripheral tissues. Thus, our findings suggest that the
coupled activation of PPAR� and PPAR� by VLDL would allow
for a coordinated cellular response to incoming fatty acids and
triglycerides. For instance, the activation of PPAR� by VLDL
might facilitate the ‘‘short-term’’ storage of triglycerides as
ADRP-coated lipid droplets, whereas stimulation of PPAR�
would result in the induction genes important in fatty acid
oxidation (40, 41). This coupled response to VLDL could
efficiently target triglycerides present in cytoplasmic lipid drop-
lets for oxidation in peroxisomes and mitochondria. Consistent
with this notion, treatment of rats with etomoxir, an inhibitor of
CPT-1 and mitochondrial fatty acid oxidation pathways, results
in accumulation of cytoplasmic lipids and the induction of
ADRP (42), further raising the possibility that lipid droplet-
associated proteins participate in cytoplasmic trafficking of
lipids. In this regard, we have recently identified perilipin, which
plays a critical role in the ‘‘long-term’’ storage of lipids (43, 44),
as a PPAR� target gene in adipocytes (data not shown, AC and
RME).

In addition to human epidemiological studies, recent experi-
ments in mouse models of atherosclerosis have found an in-
creased susceptibility to atherosclerosis with high VLDL levels.
For instance, when LDLR�/� mice are challenged with diets of
different compositions, a linear correlation was observed be-
tween atheroslcerotic plaque burden and diets that raise serum
VLDL levels (45). Because this tight correlation is apparently
independent of other lipid parameters, such as serum LDL and
HDL, it suggests that activation of PPAR� by the VLDL particle

Fig. 5. ADRP promoter is a target for direct regulation by VLDL and PPAR��
RXR heterodimers. (A) ADRP promoter contains a PPRE. Schematic outline of
reporter constructs containing the WT, point mutations, and internal dele-
tions of the ADRP promoter. The potential PPRE is located between �2,004
and �1,992 bp of the ADRP promoter. Gel mobility shift assays were per-
formed using in vitro translated proteins and 32P-end-labeled ADRP and acyl
CoA oxidase (AoX) PPRE oligonucleotides. PPAR��RXR, PPAR��RXR, and
PPAR��RXR heterodimers can bind to the ADRP PPRE. Unlabeled PPRE oligo-
nucleotides or nonspecific DNA were used at the indicated molar excess to
perform competition assays. Point mutations in the 5� half site of the ADRP
PPRE (M1) abolished binding of the PPAR��RXR heterodimers. (B) PPAR��RXR
heterodimers transactivate the ADRP promoter. RAW 264.7 cells were cotrans-
fected with ADRP reporter constructs (0.1 �g) and CMX-PPAR��CMX-RXR
expression vectors (10 ng) as described in Materials and Methods. Transfected
cells were treated with ligands (2 �M cPGI, 0.1 �M LG 268, 2 �M cPGI � 0.1 �M
LG 268, and VLDL (25 mg/ml)�LPL (10 mg/ml) for 24 h before collection for
reporter gene assays. (C) The ADRP PPRE is a functional PPAR� response
element. Three copies of the ADRP or the AOx PPRE were cloned upstream of
the TK-luciferase reporter gene. CV-1 cells were cotransfected with reporters
and receptor expression vectors and analyzed for luciferase activity as stated
in B. (D) Endogenous PPAR� and VLDL transactivate the ADRP promoter.
Transient transfection experiments were performed in PPAR��/� and
PPAR��/� MEFs with the luciferase reporter construct containing the proximal
promoter (2,065 bp) of the ADRP gene.
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might increase the lipid content of atheroslcerotic plaques.
However, the true contribution of PPAR� to the atherogenic
process is difficult to predict. On the one hand, impaired
clearance of VLDL and triglyceride particles by peripheral
tissues, as in patients with type II diabetes, may result in
pathologic activation of this receptor in lesion macrophages and
exacerbation of atherosclerosis. On the other hand, pharmaco-
logic induction of genes, such as UCP3 and PDK4 (Y. Wang and
R.M.E., unpublished data) by PPAR� ligands could enhance the
uptake and clearance of the triglyceride-rich lipoprotein parti-
cles in peripheral tissues and rob the growing lesion of its

atherogenic substrate. Therefore, future studies in mouse mod-
els of atherosclerosis with either PPAR� activators or with
PPAR�-deficient bone marrow will be needed to clarify the role
of this receptor in vascular disease.
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