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Increased levels of triglyceride-rich lipoproteins provoke lipid accu-
mulation in the artery wall, triggering early inflammatory responses
central to atherosclerosis like endothelial adhesion molecule expres-
sion. The endogenous mechanisms limiting such reactions remain
poorly defined. Lipoprotein lipase (LPL) plays a central role in lipid
metabolism by hydrolyzing triglyceride rich lipoproteins and releas-
ing fatty acids. We found that LPL treatment reversed tumor necrosis
factor � and very low-density lipoprotein (VLDL)-stimulated endo-
thelial vascular cell adhesion molecule 1 (VCAM1) induction and
VCAM1 promoter responses, thus recapitulating effects reported
with synthetic peroxisome proliferator-activated receptor (PPAR)
agonists. In fact, these LPL effects on VCAM1 were absent in endo-
thelial cells isolated from PPAR�-deficient mice. This finding suggests
a novel antiinflammatory role for LPL. Further studies reveal speci-
ficity for PPAR activation through lipolysis in regards to lipoprotein
substrate (VLDL ���� LDL > HDL), PPAR isoform (PPAR� ���� PPAR� >
PPAR�), and among fatty acid-releasing lipases. These PPAR re-
sponses required intact LPL catalytic activity. In vivo, transgenic mice
overexpressing LPL had increased peroxisome proliferation, but not
in the genetic absence of PPAR�. Although human plasma possesses
minimal PPAR� activation despite containing abundant free fatty
acids, marked PPAR� activation is seen with human plasma after LPL
is added in vitro or systemically released in vivo. These data suggest
a previously uncharacterized pathway in which the key lipolytic
enzyme LPL can act on circulating lipoproteins to generate PPAR�
ligands, providing a potentially important link between lipoprotein
metabolism and distal PPAR� transcriptional effects.

Inflammation plays a fundamental role in the development and
complications of atherosclerosis (1). One early seminal event

in atherogenesis is adhesion molecule expression, a response
integral to inflammatory cell entry into the vessel wall (1).
Elevated levels of triglyceride-rich lipoproteins (TRL), like very
low-density lipoprotein (VLDL) and chylomicrons, induce vas-
cular cell adhesion molecule-1 (VCAM1) expression (2), an
effect markedly augmented by inflammatory cytokines (3). Such
responses may contribute to the association between levels of
TRL, the major carrier of fatty acids (FA), and atherosclerosis
(4). In contrast, VCAM1 expression is typically negligible in
otherwise healthy endothelium despite exposure to TRL
through both dietary sources and endogenous production (4, 5),
suggesting physiologic pathways that limit adhesion molecule
expression. The links between endogenous lipid metabolism and
pathways that might inhibit inflammatory responses, like adhe-
sion molecule expression, remain poorly defined.

Prior reports have demonstrated that synthetic agonists for the
nuclear receptor peroxisome proliferator-activated receptor �
(PPAR�) decreased VCAM1 expression induced by inflammatory
stimuli, including tumor necrosis factor � (TNF�; refs. 6–8).
Consistent with these findings, certain omega 3 FA inhibited
leukocyte adhesion in vivo in WT but not in PPAR�-deficient
(PPAR��/�) mice (9). Such observations are of particular interest,

given associations between increased dietary intake of omega 3 FA
and reduced cardiovascular events, including atherosclerosis, as
seen in recent large epidemiologic studies (10–12).

Lipoprotein lipase (LPL) represents an appealing candidate for
an enzyme whose physiologic action might limit adhesion molecule
expression. LPL exerts a proximal effect in lipid metabolism,
determining catabolism of nascent chylomicrons and VLDL (4).
The site of LPL action is primarily on the endothelium itself, where
its activity helps determine circulating triglyceride and high-density
lipoprotein (HDL) levels, known cardiovascular risk factors (13).
Both genetic and functional LPL abnormalities are directly linked
to vascular pathology (14, 15), although divergent effects have been
reported, perhaps dependent on tissue-specific LPL responses (13).
Transgenic LPL overexpression decreased lesions in both apoli-
poprotein E (ApoE)- and low-density lipoprotein (LDL) receptor
(LDLR)-deficient mouse models of atherosclerosis (14, 16). In fact,
LPL overexpression completely abrogated atherosclerosis in
LDLR�/� mice despite an atherogenic diet (14). In contrast, bone
marrow transplantation of macrophages (M�) overexpressing LPL
into similar LDLR-deficient mice markedly increased atheroscle-
rotic lesions (17). Mechanisms accounting for this differential role
of LPL in atherosclerosis are not clear. LPL hydrolytic function may
be decreased in M� (18), leaving nonenzymatic LPL-mediated lipid
uptake (a result of LPL bridging lipoprotein receptors and proteo-
glycans) unchecked (13).

We hypothesized that physiologic triglyceride lipolysis mediated
by LPL might represent a link between lipid metabolism and PPAR
activation, exerting distal PPAR effects. To examine this possibility,
we studied the effects of LPL on TNF�-induced VCAM1 responses
in EC in the genetic presence or absence of PPAR�. We further
explored lipolytic activation of PPARs in vitro and in vivo, testing
the role of LPL enzymatic action, different lipoprotein substrates,
other FA-releasing lipases, and the PPAR isoforms involved that
might form such a pathway.

Methods
Reagents and media were from Sigma or BioWhittaker, respec-
tively, except as indicated. Fenofibric acid was a generous gift
from Laboratories Fournier.

Mice with PPAR��/� (129S3�SvImJ) genotype were obtained
from The Jackson Laboratory. PPAR��/� mice were a generous
gift from F. Gonzalez (National Institutes of Health; ref. 19). Mice
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overexpressing LPL in skeletal muscle (20, 21) were crossbred to
homogeneity with PPAR��/� mice.

Cell cultures of microvascular endothelial cells (EC) were iso-
lated from 1-mo-old PPAR��/� and PPAR��/� mouse hearts by
using intercellular adhesion molecule-2 (ICAM-2) and platelet-
endothelial adhesion molecule-1 (PECAM-1) antibody (PharMin-
gen) Dynabead selection (22). HepG2 cells and HEK293 cells
[American Type Culture Collection (ATCC)] were cultured in
DMEM, 10% FCS. Human EC were from saphenous veins (6).
Circulating human monocytes were isolated from healthy volun-
teers and treated in M199 medium after differentiation (23).

Lipoproteins were isolated by using gradient ultracentrifugation
of plasma pooled from multiple healthy donors. Cholesterol, tri-
glyceride, and protein (Pierce) contents were measured by enzy-
matic assay. Total free FA content was determined by enzymatic
assay (Roche Molecular Biochemicals), adapted for 96-well plates
(see Supporting Methods, which is published as supporting infor-
mation on the PNAS web site, www.pnas.org). For labeling, VLDL
was incubated (10 h, 23°C) with 1,1�-dioctadecyl-3,3,3�,3�-
tetramethylindocarbocyanine perchlorate (DiI, final concentration,
500 ng of DiI per mg of VLDL protein). Human post-heparin
samples were drawn 10 min after systemic heparin infusion (60
units�kg).

Northern analysis was done on isolated mRNA (RNEasy; Qia-
gen, Valencia, CA) transferred after gel electrophoresis to Hybond
(Amersham Pharmacia).

Transient transfection was done by using Fugene (Roche Mo-
lecular Biochemicals) in 24-well plates containing �2.3 � 104

bovine aortic EC (passage 3–6) per well. Constructs were generous
gifts from T. Willson [GlaxoSmithKline, ligand-binding domain
(LBD)�yeast Gal4]; T. Collins (Children’s Hospital, Boston;
VCAM1 promoter); and H. Hobbs (University of Texas South-

western, LDLR expression vector). LPL and LPL mutant expres-
sion vectors have been described (D.J.R., unpublished data; refs. 24
and 25). The LPL mutant generates minimal lipolysis due to a 2-bp
difference (AGC�GCC) that replaces the catalytic site serine-132
with alanine.

Immunohistochemistry was performed on frozen peripheral
muscle sections by staining with rabbit PMP70 antibody (1:200;
Affinity BioReagents, Neshanic Station, NJ; ref. 26) and secondary
tetramethylrhodamine B isothiocyanate-conjugated antibody
R0156 (DAKO), and analyzed by using laser-scanning confocal
microscopy (MRC 600; Bio-Rad).

Scintillation proximity assays were done using human full-length
cDNA for PPAR�, PPAR�, and hPPAR�2 subcloned into the
pGEX-KT expression vector as described (27). The 3H2-labeled
known synthetic PPAR agonists used were compound A and
compound B (see Supporting Methods) with relative Kds as follows:
compound A, PPAR� 2.5 nM and PPAR� 5.0 nM; compound B,
PPAR� 1.0 nM (27, 28). Results are expressed as the percentage
inhibition with a calculated inhibitory constant (KiS).

VCAM1 cell surface ELISA on mouse PPAR��/� and
PPAR��/� EC monolayers was performed as before (6).

Results
LPL Opposes VLDL�TNF�-Induced VCAM1 Expression in a PPAR�-
Dependent Fashion. Inflammatory cytokines induce endothelial
VCAM1 expression, a response known to be augmented by either

Fig. 1. LPL inhibits VLDL�TNF�-mediated VCAM1 expression and promoter
activity. (A) Northern analysis of VCAM1 mRNA expression in human EC treated
with the PPAR� agonist WY14643 (WY, 250 �M); VLDL (5 �g) with or without LPL
(200 units�ml, 4 h); saturated FA (16:0) in the presence or absence of TNF�

stimulation (50 ng�ml, 17 h). LPL alone had no effect (data not shown). (B)
TNF�-mediated VCAM1 promoter (6) activation was tested over a concentration
range of VLDL in the presence (solid line) or absence (dashed line) of LPL. All
transfection experiments were performed in bovine aortic EC (DMEM, 1% Nu-
tridomaSP).ECwerepretreatedwithVLDLwithorwithoutLPL (200units�ml,4h)
and then stimulated with TNF� (2 ng�ml, 12 h). The luciferase results were
normalized to �-galactosidase activity. For comparison, 250 �M WY14643 sup-
pressed TNF�-induced VCAM1 promoter to a 2.6-fold activation. n � 3, each in
triplicate.

Fig. 2. LPL�VLDL inhibits VCAM1 levels through a PPAR�-dependent mecha-
nism. (A) VCAM1 surface expression in EC obtained from WT (filled bars) or
PPAR��/� (open bars) mice was measured by ELISA as described (6). EC cultured
in 96-well plates were treated as in Fig. 1A with murine TNF� (10 ng�ml, 18 h).
Data represent absorbance at 410 nm after protein concentration normalization.
In WT, but not PPAR��/�, EC both WY14643 and LPL�VLDL significantly decrease
VCAM1 levels (*, P � 0.005). Basal VCAM1 levels in PPAR��/� are significantly
increased as compared with WT EC (#, P � 0.001). (B) Concentration-dependent
activation of PPAR�-LBD by various lipoproteins in the presence or absence of LPL
(30 units�ml). EC cotransfected with PPAR�-LBD, the luciferase response pUASx4-
TK-luc, and �-galactosidase constructs were stimulated as shown (18 h, DMEM,
1% delipidated serum). PPAR�-LBD activation by fenofibric acid (100 �M) in this
experiment was 16.2- 	 1.3-fold.
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TRL or saturated FA (3, 29). Consistent with these reports, VLDL
and palmitic FA (16:0) both significantly increased VCAM1
mRNA in EC in the presence of TNF� (Fig. 1A, lanes 5 and 9,
respectively). In contrast, LPL treatment of VLDL (LPL�VLDL)
inhibited this VCAM1 response, even in the presence of TNF� (Fig.
1A, lane 6). This LPL-mediated repression of induced VCAM1
equaled that seen with the synthetic PPAR� agonist WY14643 (Fig.
1A, lane 7). Neither LPL (data not shown) nor VLDL alone (Fig.
1A, lane 2) induced VCAM1 expression. This antiinflammatory
response was also evident in VCAM1 promoter studies, with
recombinant LPL (200 units�ml) reversing TNF�-mediated
VCAM1 promoter activation in a manner dependent on VLDL
substrate concentration (Fig. 1B). Thus, LPL treatment of VLDL
alters transcriptional regulation of VCAM1.

Given the possibility of PPAR-independent effects of synthetic
PPAR agonists (30, 31), we next asked whether LPL�VLDL
repression of VCAM1 persisted in EC isolated from PPAR��/�

mice. By ELISA, PPAR��/� EC had significantly higher VCAM1
levels as compared with WT EC (Fig. 2A), consistent with the
increased NF-�B activation reported in PPAR��/� mice (32).
LPL�VLDL limited TNF�-induced increases in VCAM1 in WT
but not in PPAR��/� EC, an effect similar to that seen with a
synthetic PPAR� agonist (Fig. 2A). These results suggest that
LPL�VLDL effects are mediated through PPAR�.

LPL acts on triglycerides in lipoproteins to release FA, with
relative triglyceride content of common lipoproteins following the
order VLDL �� LDL � HDL. The triglyceride content (mg
triglyceride per dl) in LP studied were VLDL 264 	 13.2, LDL 51 	
2.6, and HDL 24 	 1. To examine the relationship between
circulating lipoproteins and LPL effects on PPAR�, we performed
standard chimeric PPAR�-LBD�GAL4 transfection assays (33) in
primary bovine aortic EC, known to lack LPL. In the absence of
added LPL, these lipoproteins failed to activate the PPAR�-LBD
(Fig. 2B); however, in the presence of recombinant LPL, significant
PPAR� activation occurred in a concentration-dependent manner.

Half-maximal PPAR� activation values (EC50) for VLDL, LDL,
and HDL were 1.5, 5, and 20 �g of protein per ml, respectively.
Maximal induction was highest for VLDL (21-fold), followed by
LDL (14-fold) and HDL (7-fold). Taken together, LPL treatment
of TRL leads to significant PPAR� activation.

PPAR Isoform-Specific Effects of VLDL Lipolysis. Given reports that
FA in vitro can activate all PPAR isoforms, we next examined these
LPL�VLDL responses in PPAR�, PPAR�, and PPAR�-LBD
transfection assays, and compared the responses to isoform-specific
ligands (Fig. 3A). VLDL alone had no PPAR-LBD effects. In the
presence of LPL, the most potent relative induction was observed
for PPAR�, with much less of a response for PPAR�, followed by
PPAR� (P � 0.001). Control plasmid GAL4 remained unchanged.

As a complement to biologic LBD assays, competitive displace-
ment of specific radioactive ligands establishes direct binding of
putative ligand(s), such as LPL�VLDL-generated products, to
given expressed PPAR-LBD protein in a cell-free setting (Fig. 3B;
ref. 27). These assays are independent of any noncatalytic LPL
effects, like bridging (13). Maximal radioligand displacement by
LPL�VLDL occurred against the PPAR�-LBD (99%), with re-
sponses extending to low levels of lipoprotein substrate (KiS 0.1 �g
of protein per ml). Lesser effects were seen for PPAR� and PPAR�,
with �65% maximal displacement for both (KiS 0.3 and 1.2 �g of
protein per ml, respectively). LPL and VLDL added separately had
no effect (data not shown). These results indicate that enzymatic
hydrolysis of VLDL by LPL preferentially generates PPAR�
ligands.

Lipase-Specific Effects of VLDL Lipolysis. To investigate PPAR acti-
vation through other lipases, LBD experiments were repeated using
phospholipase A2, phospholipase D, phospholipase C, and LPL
treatment of the major lipoprotein classes (Fig. 3C). Despite
quantitative FA release (Fig. 3D) by all these enzymes, only LPL
significantly activated PPAR� regardless of lipoprotein substrate.

Fig. 3. Lipolysis leads to PPAR� activation
in a manner selective as to PPAR isoform,
lipase, and substrate. (A) PPAR-LBD activa-
tion by VLDL in EC was measured in the
presence or absence of LPL by using stan-
dard pUASx4-TK-luc reporter construct and
�-galactosidase normalization approaches
as in Fig. 2B. Cells were stimulated with
LPL (14 h, 30 units�ml) in the presence or
absence of VLDL (10 �g�ml). Responses
to established PPAR agonists were used
for comparison: PPAR��BRL49653 (BRL,
1 �M); PPAR��WY14643 (WY, 100 �M);
PPAR��carboprostacyclin (carbo, 10 �M).
(B) Competition curves were generated by
incubating the LPL�VLDL reaction mixture
with specific radiolabeled PPAR activators:
5 nM 3H2 compound A with GST-hPPAR�

(circles) or GST-hPPAR� (triangles), or 2.5
nM 3H2 compound B with GST-hPPAR�

(squares). Radioligand displacement in the
presence of the indicated concentration of
VLDL (0.003–10 �g of protein per ml)�LPL
(200 units�ml LPL, 37°C, 1 h) is plotted. Data
are from duplicate determinations. KiS val-
ues were obtained from the dose–response
curves. (C) PPAR� activation occurs through
lipolysismediatedbyLPLbutnotsomeother
FA-releasing lipases. EC, transfected as in
Fig. 2B, were treated (18 h) with the lipopro-
teins shown (10 �g of protein per ml) and either LPL (20 units�ml) or phospholipases PLA2 (20 units�ml), PLD (20 units�ml), or PLC (2 units�ml). Control (open bars), VLDL
(filled bars), LDL (horizontally striped bars), and HDL (diagonally striped bars) are shown. (D) The FA generated in Fig. 3C is shown. The FA content in the media was
measured spectrophotometrically as described in Methods, SD 5%; bars designated as in Fig. 3C. Spectrophotometric determinations correlated with palmitic acid
standard in a concentration-dependent manner (data not shown).
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Thus, PPAR� activation generated from lipoproteins depends to
some extent on the lipase.

LPL�VLDL Activation of PPAR� Depends on Intact LPL Enzymatic
Activity. To address how LPL�VLDL activates PPAR�, we asked
whether PPAR�-LBD responses depended on intact LPL enzy-
matic activity or, alternatively, on increased lipoprotein uptake
through LPL’s known bridging effect (13). PPAR��LBD activa-
tion experiments were performed after (i) altering bridging re-
sponses by overexpressing the LDL receptor; (ii) changing proteo-
glycan levels with heparin and heparinase; or (iii) impairing
endosomal processing with the actin inhibitor cytochalasin. None of

these treatments had an effect (Fig. 4A). The lack of PPAR�
responses in the absence of LPL was not due to decreased lipid
uptake as shown by abundant intracellular DiI-labeled VLDL even
in the absence of LPL (Fig. 4B). Thus, VLDL uptake alone is
unlikely to account for PPAR�-LBD activation. In contrast, addi-
tion of heat-inactivated LPL or transfection of a catalytically
inactive LPL significantly decreased PPAR�-LBD activation (Fig.
4A). Furthermore, the lipase inhibitor tetrahydrolipstatin de-
creased LPL-mediated PPAR�-LBD activation in a dose-
dependent fashion (Fig. 4C). Thus, multiple lines of evidence
indicate that generation of PPAR� activators from VLDL depends
on intact LPL catalytic activity.

LPL�VLDL Induces PPAR�-Regulated Genes and Responses in a PPAR�-
Dependent Manner in Vitro and in Vivo. To study whether LPL�
VLDL leads to known PPAR� biologic responses, we examined a
series of well-established PPAR� effects, including induction of
acyl-CoA-oxidase (ACO) (34). Transient transfection of WT LPL
increases ACO expression after VLDL treatment in HepG2 cells
(Fig. 5A Left). In contrast, this response was decreased by pretreat-
ment with the lipase inhibitor tetrahydrolipstatin or abolished by
transfection of a catalytically inactive LPL. Similar effects are seen
in HEK293 cells (Fig. 5A Right). LPL treatment also induced ACO
mRNA in a time- (data not shown) and VLDL concentration-
dependent manner in both HepG2 (Fig. 5B) and primary human
M� (Fig. 5C). Consistent with reports of LPL itself being PPAR�-
regulated (35), LPL�VLDL induced LPL expression in M� (Fig.
5C), suggesting a positive feedback loop through LPL�VLDL-
activated PPAR�.

The hallmark of PPAR� activation by synthetic agonists in
rodents is the induction of peroxisomes. To address LPL effects in
vivo in a gain of function model, peroxisome proliferation was
measured by staining for the peroxisomal protein PMP70 in the
skeletal muscle of LPL-overexpressing transgenic mice bred to
PPAR��/� or PPAR��/� mice (Fig. 5D). The increased PMP70-
positive granules observed in LPL-overexpressing�PPAR��/� mice
were absent in LPL-overexpressing�PPAR��/� mice. Of note, the
transgenic LPL mice selected for these experiments were the ‘‘low
expression’’ (MCK-L) variety, with three LPL transgene copies and
an �5.5-fold increase in LPL activity (21). Thus, increased LPL
expression in vivo induces peroxisome proliferation in a PPAR�-
dependent manner. Interestingly, rodents on high-fat diets have
increased peroxisomes (36), although the mechanism for this
induction has not been previously identified.

Endogenous Lipolysis in Humans Generates PPAR� Activators. Given
this evidence for LPL-meditated PPAR� activation, we next asked
whether similar effects could be demonstrated in humans. In
plasma from six normal volunteers, minimal PPAR� activity was
seen despite the presence of ample free FA (207 	 17 �M FA; Fig.
6A). The addition of LPL to these same samples led to a 29-fold
increase in PPAR� LBD activity (Fig. 6A), a response equivalent
to the synthetic agonist WY14643 (20.3-fold 	 0.3-fold increase).
Moreover, release of endogenous tissue-bound LPL through hep-
arin infusion led to similar PPAR� activation (23-fold) in the
absence of adding any exogenous LPL (Fig. 6A). These results
suggest that lipolytic activity is involved in generating PPAR�
activity of human plasma.

Discussion
Our results reveal previously uncharacterized roles for LPL, the
central enzyme in triglyceride metabolism, both in limiting
inflammatory responses as well as generating PPAR� ligands.
LPL treatment of VLDL results in well-established indicators of
PPAR� activation, including LBD responses, direct ligand dis-
placement, induction of known PPAR� target genes, and per-
oxisome proliferation. These results were seen in vitro and in vivo
in both gain of function and loss of function models. These

Fig. 4. PPAR� activation by LPL�VLDL depends on intact LPL catalytic activity.
(A) The role of LPL catalytic activity on PPAR�-LBD activation was studied in EC by
using VLDL (10 �g�ml) combined with various forms of LPL: recombinant LPL (30
units�ml) or heat-inactivated LPL (Inact. LPL); transfected expression constructs
for human LPL (Over-expr. LPL) or catalytically inactive mutant LPL. Results are
expressed as the percentage of standard LPL�VLDL response. Asterisk indicates a
significant decrease in PPAR�-LBD activation (P � 0.01, Mann–Whitney test)
compared with the appropriate control. No difference was seen in EC overex-
pressing the LDL receptor (LDLR�LPL) or pretreated with cytochalasin D (10 �M),
heparin (100 �g�ml), or heparinase (200 units�ml) for 1 h before LPL�VLDL
addition. (B) Labeled VLDL uptake by EC. Cells were stimulated with VLDL
(control) and DiI-labeled VLDL (5 �g of protein per ml) with or without LPL (30
units�ml, 18 h). Fluorescent microscopy (�20 magnification) of representative
formalin-fixed specimens is shown. DiI VLDL is shown in red and DNA is shown in
blue. (C) LPL was preincubated with the lipase inhibitor tetrahydrolipstatin at the
concentrations shown (15 min at room temperature) before addition of LPL (30
units�ml)�VLDL (10 �g�ml). Significant inhibition in PPAR�-LBD activation (P �
0.01, Mann–Whitney test) as compared with control is shown (*).
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responses suggest an endogenous metabolic pathway linking
LPL enzymatic action to subsequent PPAR� activation and its
distal transcriptional effects. To our knowledge, there exists no
previously documented evidence for an enzymatic pathway
leading to PPAR� ligand generation. Thus, LPL, an enzyme
central to physiologic TRL metabolism, may replicate the effects
of synthetic PPAR� ligands. A positive feedback loop through
PPAR� is suggested by LPL�VLDL-mediated induction of LPL
expression itself. The functional impact of this pathway may be
augmented by PPAR�-mediated repression of the endogenous
LPL inhibitor ApoCIII (37). By examining the relationship of
this lipolytic pathway to nuclear receptor activation, new insights
are gained into both LPL and PPAR function.

Selectivity for the PPAR isoform targeted by LPL action is
evident in vitro. PPAR� likely represents the major PPAR response
to physiologic lipolysis, as might occur after eating. Although
minimal PPAR� responses are seen at relevant VLDL concentra-
tions, LPL-mediated PPAR� activation does occur. This PPAR�
response through LPL may be relevant under certain circumstances
and in cell types where PPAR� expression predominates over
PPAR�. Differences are also seen among lipases, with only certain
FA-releasing enzymes generating PPAR�-LBD activation. This
specificity may derive from various lipase-specific properties: dif-
ferent substrates (triglyceride vs. phospholipids, saturated vs. un-
saturated FA), subsequent FA modifications, and�or the lipolytic
products generated. Regardless, these results argue against the
assumption based on prior in vitro data that FA in general activate
PPARs (38–40) or that FA generation by any means of lipolysis
would do the same. Rather, our findings suggest different tran-
scriptional responses dependent on the specific mechanism of FA
generation and uptake (Fig. 6B).

One such example is seen in divergent FA effects on VCAM1
expression. Certain FA alone, including palmitic and stearic acids
common in VLDL, augmented TNF�-induced VCAM1 in EC. In
contrast, LPL-treated VLDL, and the FA so produced, limit
TNF�-induced VCAM1 in a PPAR�-dependent fashion, recapit-
ulating synthetic PPAR� agonist effects. Thus, LPL lipolysis may
represent a mechanism through which heterogeneous lipoproteins,
despite containing multiple nuclear receptor ligands, including
hydroxy-octadecadienoic acids (HODEs), oxidized lipids, and reti-
noids, can generate specific nuclear receptor responses. These
results support a broader view of circulating lipoproteins as more

Fig. 5. Enzymatically intact LPL induces
PPAR� target gene mRNA expression. (A
Left) HepG2 cells were transfected (24 h,
DMEM, 1% delipidated serum) with empty
vector (PcDNA3), human WT LPL, or a cata-
lytically inactive LPL (mutant LPL), and ex-
pression levels were confirmed with RT-PCR
(data not shown). Northern analysis reveals
that VLDL treatment (5 �g�ml, 3 h) induced
ACO mRNA expression in LPL-treated cells,
but not if they had been pretreated (15 min)
with tetrahydrolipostatin (THL, 10 �M).
HepG2 cells expressing the mutant LPL had
no ACO induction after VLDL treatment.
(Right) Similar Northern results are seen in
HEK293 cells transfected and stimulated as
before. (B) The concentration response of
ACO mRNA expression to VLDL was tested in
HepG2 cells incubated with LPL (200 units�
ml, 1 h). (C) LPL�VLDL treatment induces
ACOandLPLmRNAexpressioninhumanM�

treated with LPL�VLDL as described in Fig.
5B. One representative result of three is
shown. (D) In vivo analysis of skeletal muscle from WT LPL-overexpressing�PPAR��/�, and LPL-overexpressing�PPAR��/� mice reveals increased peroxisomal
proliferation with LPL overexpression in the presence but not absence of PPAR�. Peroxisomal expression from fasting mice (age 12 wk, n � 3) was analyzed by using
PMP70 antibody.

Fig. 6. LPL-mediated PPAR� activation occurs as a unique component of
triglyceride-rich lipoprotein metabolism. (A) PPAR�-LBD transactivation assays
wereperformedas inFig.2Bbyusinghumanplasmasamples (5%)obtainedfrom
six normolipidemic donors at baseline (�LPL), after addition of LPL in vitro (200
units�ml, 37°C, 1 h) to pre-heparin plasma, or after systemic heparin infusion (60
units�kg) invivo. Symbols represent individualdonors; lines indicatemeanvalues.
The relative PPAR�-LBD fold activation for 10 �M WY14643 in this experiment
was20.3	0.3;FAconcentrationswere1.7	0.8�M(�LPL),18.2	9.3�M(�LPL),
and 18.2 	 6.8 �M (post-heparin). (B) The metabolism of TRL occurs through both
nonenzymatic and enzymatic mechanisms. Although these pathways ultimately
result in FA production and their various downstream effects, PPAR� activation
through lipolysis seems restricted to some degree to LPL. The data presented
suggest that specific mechanisms of endogenous lipolysis can lead to specific
transcriptional responses through ligand generation. Thus, LPL-mediated PPAR�

activation may provide a link between circulating triglyceride-rich lipoproteins
and distal PPAR� effects such as antiinflammatory responses, FA oxidation, and
lipid metabolism. The latter may include a possible positive feedback loop
through PPAR� leading to increased LPL expression and activity by inducing LPL
and repressing ApoCIII.
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than just transporters or resources for energy substrates, but also a
source of ligands capable of generating specific transcriptional
responses. Such a perspective may have clinical implications re-
garding the downstream effects of circulating lipids and intact lipase
function.

Physiologic activation of PPAR� through LPL may shed new
light on the widely studied but still controversial role of LPL and
PPAR� in atherogenesis. Tordjman et al. (41) found higher tri-
glyceride levels but unaltered fasting post-heparin LPL activity in
mice lacking both PPAR� and ApoE, as compared with ApoE�/�

alone. As those authors pointed out, their studies would not account
for natural PPAR� ligands generated after feeding as our results
would predict. Surprisingly, these ApoE�/��PPAR��/� mice had
less atherosclerosis despite evidence that PPAR� activation may
limit atherosclerosis and inflammation. Many factors may have
contributed to the phenotype of these ApoE�/��PPAR��/� mice:
abnormal triglyceride metabolism in ApoE�/�, known interaction
between ApoE and LPL (42), improved insulin sensitivity in
PPAR��/� mice (41), and�or species-specific differences in
PPAR� responses. Recently PPAR� agonist treatment was re-
ported to decrease lesional cholesterol content in ApoE�/� mice,
with a more pronounced effect in ApoE�/� mice expressing a
human ApoA1 transgene (43). Cell-specific differences in PPAR�
levels or LPL action may also influence atherosclerotic responses,
for example, as seen in M� (17).

In contrast, generalized LPL overexpression dramatically de-
creased atherosclerotic lesions in both LDLR�/� (14) and ApoE�/�

mice (16). In humans, impaired LPL hydrolytic activity, typically
associated with hypertriglyceridemia, may promote atherosclerosis,
especially in diabetic patients (44). Similarly, genetic alterations in
LPL hydrolytic activity are also associated with atherosclerosis (45).
Of note, in the CARE trial, coronary heart disease risk was

associated with plasma TRL levels only if combined with increased
levels of the LPL inhibitor ApoCIII (46). Our data would predict
that impaired LPL enzymatic activity (for example, in diseases like
diabetes) might decrease endogenous PPAR� activation and its
subsequent downstream effects, including antiinflammatory re-
sponses. If so, fibrate therapy might be particularly important in
patients with impaired LPL function, compensating for inadequate
endogenous PPAR� ligand generation. This ‘‘pharmacologic
bypass’’ of LPL-mediated PPAR� activation may contribute to
the atherosclerotic and cardiovascular benefits seen in fibrate
trials (47).

Aside from their possible relevance to pathologic states, these
findings provide a candidate physiologic mechanism uniting LPL
and PPAR pathways, each of which has been previously, but
separately, implicated in energy balance (13, 48). The FA generated
by LPL, as occurs postprandially, provides a major energy source
through subsequent FA �-oxidation involving largely PPAR�-
regulated enzymes (48). Interestingly, fasting, which results in
triglyceride catabolism, induces PPAR� expression (49). Thus,
PPAR� is integral in energy supply through LPL, as after feeding
or during states of increased demand, as occurs during fasting.
Taken together, our findings suggest a mechanism linking physio-
logic metabolism of TRL and subsequent PPAR� transcriptional
effects, implicating LPL as a key enzyme in the endogenous
generation of PPAR� ligands.
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