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Abstract

Although high-density lipoprotein (HDL) is known to inhibit endothelial adhesion molecule
expression, the mechanism for this anti-inflammatory effect remains obscure. Surprisingly, we
observed that HDL no longer decreased adhesion of U937 monocytoid cells to tumor necrosis
factor (TNF)a-stimulated human endothelial cells (EC) in the presence of the general lipase
inhibitor tetrahydrolipstatin. In considering endothelial mechanisms responsible for this effect, we
found that endothelial lipase (EL) overexpression in both EC and non-EL—-expressing NIH/3T3
mouse embryonic fibroblasts cells significantly decreased TNFa-induced VCAML1 expression and
promoter activity in a manner dependent on HDL concentration and intact EL activity. Given
recent evidence for lipolytic activation of peroxisome proliferator-activated receptors (PPARS)—
nuclear receptors implicated in metabolism, atherosclerosis, and inflammation—we hypothesized
HDL hydrolysis by EL is an endogenous endothelial mechanism for PPAR activation. In both EL-
transfected NIH cells and bovine EC, HDL significantly increased PPAR ligand binding domain
activation in the order PPAR-a>>-y>-3. Moreover, HDL stimulation induced expression of the
canonical PPARa-target gene acyl-CoA-oxidase (ACO) in a PPARa-dependent manner in ECs.
Conditioned media from EL-adenovirus transfected cells but not control media exposed to HDL
also activated PPARa. PPARa activation by EL was most potent with HDL as a substrate, with
lesser effects on LDL and VLDL. Finally, HDL inhibited leukocyte adhesion to TNFa-stimulated
ECs isolated from wild-type but not PPARa-deficient mice. This data establishes HDL hydrolysis
by EL as a novel, distinct natural pathway for PPARq activation and identifies a potential
mechanism for HDL-mediated repression of VCAML1 expression, with significant implications for
both EL and PPARs in inflammation and vascular biology.
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Epidemiologic studies establish a strong inverse relationship between plasma high-density
lipoprotein (HDL) levels and cardiovascular events.1:2 These atheroprotective benefits of
HDL are often ascribed to the role of HDL in reverse cholesterol transport and the efflux of
cholesterol from foam cells within arterial plaque. Recent studies have also identified anti-
inflammatory properties of HDL that may also contribute to this relationship between HDL
and atherosclerosis. One important anti-inflammatory HDL effect is its well-established
inhibition of adhesion molecule expression and monocyte adhesion to endothelial cells (EC),
key early steps in atherosclerosis.3=5 Levels of soluble adhesion molecules are predictive of
cardiovascular risk while physiologic concentrations of HDL can inhibit cytokine-induced
expression of endothelial adhesion molecules like VCAM1, ICAM1, and E-selectin.*®

The mechanisms underlying HDL’s anti-inflammatory effects have remained largely
obscure. HDL may limit the effects of pro-inflammatory mediators by either physical
binding or active catalysis, as suggested by lipid hydroperoxide destruction by paraoxonases
present in HDL particles.®” HDL reportedly inhibits endothelial cell sphingosine kinase,
resulting in decreased NF-«B activation.8 HDL may also increase nitric oxide levels.® Much
less is known about HDL-dependent pathways in the endothelium that may account for the
ability of HDL to regulate transcription and specifically repress adhesion molecule
expression.

In exploring this HDL/endothelial interaction, we noted that inhibition of endothelial
leukocyte adhesion by HDL was blocked in the presence of the general lipase inhibitor
tetrahydrolipstatin. Recently we reported evidence for specific mechanisms through which
lipoprotein metabolism can regulate distinct transcriptional responses through peroxi-some
proliferator-activated receptors (PPARs),1911 [igand-activated nuclear receptors involved in
the transcriptional regulation of metabolism, inflammation, and atherosclerosis.1213 For
example, very-low-density lipoprotein (VLDL) hydrolysis by lipoprotein lipase (LPL) can
generate peroxisome proliferator-activated receptor alpha (PPAR«) ligands.10 In
macrophages, LPL-treated VLDL was found to activate PPARS.1* These findings suggest an
underappreciated role for lipoproteins as transcriptional regulators, with effects dictated by
the nature of the lipoprotein particle and its uptake, including the biology of specific lipases.
Although synthetic PPAR agonists, identified largely through serendipitous drug screening,
have been variably described as decreasing adhesion molecule expression,1>-17 endogenous
mechanisms for PPAR activation remain poorly understood despite their potential molecular
and clinical implications.

We hypothesized that endothelial lipase (EL), a unique member of the triacylglycerol lipase
family expressed in the endothelium, limits VCAM1 expression by activating PPARS via
HDL hydrolysis. We present evidence here establishing and characterizing HDL hydrolysis
by EL as a distinct, specific lipolytic pathway in the endothelium that preferentially activates
PPARa, regulates VCAML1 expression, and can limit leukocyte adhesion.

Circ Res. Author manuscript; available in PMC 2014 November 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ahmed et al.

Page 3

Materials and Methods

Cell Culture

An expanded Materials and Methods appears in the online data supplement (http://
circres.ahajournals.com).

Bovine aortic endothelial cells (BAEC) and NIH cells were grown in Dulbecco modified
Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 1% glutamine,
penicillin, streptomycin, and fungizone as per standard procedure.1® Human umbilical vein
endothelial cells (HUVEC) (“human ECs” throughout) were grown in medium M199 with
similar components except for 20% FBS and endothelial cell growth factor (ECGF). The
human hematopoietic U937 and mouse monocyte-macrophage-like J774A.1 cell lines were
cultured in RPMI medium under standard conditions.1®

Generation of EL-Conditioned Media

For EL-conditioned medium, COS cells were infected (serum-free DMEM, 48 hours) with
full-length human EL.20-21 After heparinization (10 U/mL, 30 minutes) to release surface EL
and subsequent centrifugation, EL-conditioned media was tested for HDL hydrolysis,
quantified as 500 nmol of free fatty acid released/mL from HDL (100 pug/mL, 4 hours,
37°C).

Isolation of Primary ECs From Mice

Murine hearts were obtained from 1-month-old PPARa** (129S3/SvimJ; Jackson
Laboratories, Bar Harbor, Me) and PPARa ™~ (129S4/SvJae, generous gift, F. Gonzalez,
National Institutes of Health, Bethesda, Md) mice. Murine ECs from these hearts were
isolated using double selection with intercellular adhesion molecule 2 (ICAM2) and platelet
endothelial cell adhesion molecule 1 (PECAML1) antibodies (BD PharMingen) bound to
Dynabeads (Dynal) as before.22

Lipoprotein Isolation

Lipoprotein isolation by gradient ultracentrifugation of plasma pooled from multiple healthy
donors was performed using density ranges of VLDL 1.006 to 1.019 g/mL, LDL 1.019 to
1.063 g/mL, and HDL 1.063 to 1.210 g/mL.19:23 All lipoprotein concentrations (BSA assay;
Pierce) are expressed as pg protein/mL unless otherwise noted. Specific triglyceride and
phospholipid content in lipoproteins was determined using L-Type TG H and Phospholipids
B kit (Wako Pure Chemical Industries).

Cell Transfection and PPAR-LBD Assays

Transient transfection was performed using Fugene (Roche Molecular Biochemicals) in 1%
delipidated plasma (DLP)/DMEM as per manufacturer’s instructions. A human EL cDNA
(1.5 kb construct subcloned into the EcoRV site of the expression vector pcDNA3.1) was
transfected as noted and responses compared with transfection of pcDNA3.1 vector alone.18
Catalytically inactive EL was generated by mutating serine 149 to alanine using reverse-
transcription polymerase chain reaction (RT-PCR).1% PPAR LBD-GAL4 assays were

Circ Res. Author manuscript; available in PMC 2014 November 14.


http://circres.ahajournals.com
http://circres.ahajournals.com

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ahmed et al. Page 4

performed using standard procedures as before.19 A human VCAM1 promoter construct was
transfected using 1% Nutridoma SP (Roche Molecular Biochemicals),10 allowed to recover
(14 hours) before additional stimulation.

Northern Blot Analysis

Standard Northern blot analysis was performed using VCAML1, acyl-CoA-oxidase (ACO),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (both ATCC) cDNA probes
before densitometry quantification (ImageJ 1.33u; NIH).

Leukocyte Adhesion Assay

Near confluent HUVECs, isolated murine PPARa*'* or PPARa™~ ECs monolayers (all 24-
well plates) were washed (DPBS, 3 times) after stimulation and before adding either human
monocytoid U937 cells or mouse monocyte—macrophage-like J774A.1 previously labeled
with 2/,7’-bis(2-carboxy)-fluorescein acetoxymethylester (Molecular Probes) in serum free
RPMI medium (4x10° labeled cells/well, 37°C, 30 minutes, DPBS).24 Nonadherent cells
were removed by rinsing (DPBS, 3 times) before measuring fluorescence intensity
(Cytofluor II, PerSeptive Biosystems).

Results

HDL-Mediated Inhibition of TNFa-Stimulated Leukocyte Adherence to Human ECs
Requires Intact Lipase Activity

TNFa stimulation significantly increased the adhesion of fluorescently labeled U937
monocytoid cells to a monolayer of HUVECSs (Figure 1A, upper left panel). As expected,
pre-treating EC (3 hours) with the PPARa agonist WY 14643 (10 umol/L) or HDL (90
pg/mL) significantly decreased leukocyte adhesion by 37% and 31%, respectively (P<0.01
for each, Figure 1B). Surprisingly, the repression of leukocyte adhesion by HDL was
abolished if ECs were pretreated with the general lipase inhibitor tetrahydrolipstatin (10
pumol/L, Figure 1A, lower right panel). These results suggest that the HDL-mediated
decrease in leukocyte adhesion derives at least in part from lipase-mediated catalysis.

HDL Suppresses TNFa-Induced VCAM1 Expression and Promoter Responses in a
Concentration-Dependent Manner

Because EL is considered the major lipase in ECs,28:32 we began by considering the
endothelial mechanism(s) underlying the observations in Figure 1 by testing the effects of
HDL on VCAML1 expression and promoter activity in cells over-expressing EL. Human ECs
were transfected with EL, allowed to recover, then stimulated with TNFa and/or HDL at the
concentrations shown before VCAML1 Northern blot analysis. HDL stimulation decreased
TNFa-induced VCAM1 mRNA expression in a concentration-dependent manner (Figure
2A) but not in the presence of the lipase inhibitor tetrahydrolipstatin, even at the highest
HDL concentration tested (90 ug/mL, Figure 2A). One representative Northern blot of three
is shown; Northern blot analysis confirmed EL overexpression in transfected cells
(supplemental Figure I).
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We next tested if this EL-treated HDL effect was evident at the level of the VCAM1
promoter, supporting a transcriptional mechanism at work. Previous studies indicate NIH
cells lack endogenous EL,2° a finding we confirmed using RT-PCR and Northern blotting
(data not shown). NIH cells were cotransfected with a human VCAM1 promoterluciferase
and either the EL-pcDNA3.1 expression construct or pcDNAS3.1 alone (here and throughout)
before exposure to increasing amounts of HDL. In EL-transfected cells, HDL treatment
significantly reduced VCAM1 promoter activity in a concentration-dependent manner
(—-63% in EL-transfected cells versus —17% in pcDNA3.1-transfected cells, both at 200
pg/mL of HDL, P<0.05, Figure 2B). These results suggest that HDL repression of cytokine-
induced VCAML involves transcriptional regulation through HDL hydrolysis by EL.

EL Preferentially Acts on HDL to Activate PPARa

Given previous reports that synthetic PPARa agonists repress VCAML1 expression, we
performed standard PPARa ligand binding domain (LBD) assays to test PPARa activation
through EL interaction with different lipoprotein substrates. Because EL has predominant
phospholipase activity, the phospholipid phosphotidylcholine is well-established as a model
EL substrate. In EL-transfected human EC, phosphatidylcholine treatment (100 pmol/L)
increased PPARa-LBD activation 16.9-fold (Figure 3A).

To begin characterizing this EL pathway, we next examined EL-mediated PPARa activation
in response to common circulating human lipoproteins, namely VLDL, LDL, and HDL
isolated from normal subjects. Treatment of ELtransfected ECs with either VLDL (60
ug/mL) or LDL (0 to 60 ug/mL) only modestly increased PPAR« activation (Figure 3A,
supplemental Figure I1). The most potent PPARa activation occurred after HDL exposure to
EL-transfected EC, with a concentration-dependent response that reached ~30-fold at the
maximal HDL concentrations tested (60 ug/mL), as compared with 18-fold in untransfected
EC (*P<0.05, Figure 3A). Of note, the PPARa activation seen with this relatively modest
HDL concentration, being even less than circulating HDL levels in vivo, equaled the
responses seen with the synthetic PPARa agonist WY 14643 at 10 pmol/L (Figure 3A). To
better define this response to HDL and in EC under basal conditions without EL over-
expression, PPARa-LBD experiments were repeated in untransfected BAEC. HDL
increased PPARa-LBD activation in BAEC in a concentration-dependent manner (Figure
3B). Tetrahydrolipstatin completely blocked this response (Figure 3B). EL-mediated
PPARa activation by HDL, VLDL, and LDL was also analyzed as a function of the
triglyceride and phospholipid content of all these lipoprotein particles. These data support
HDL as the preferential substrate for PPAR« activation through EL (supplemental Figure

).

Given our initial observation that HDL-mediated repression of leukocyte adhesion required
intact lipase activity as well as the noncatalytic effects of lipases including EL,19:26 we next
asked if EL-mediated PPARa activation required EL catalysis. Tetrahydrolipstatin inhibited
the HDL effect on PPARa-LBD activation in a dose-dependent fashion in EL-transfected
cells (Figure 3C). To further test this and eliminate any possible nonspecific effect of
tetrahydrolipstatin, we next compared HDL-induced PPARa~LBD activation in BAEC
transfected with either wild-type or a catalytically inactive EL point mutant. Although HDL
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treatment activated PPARa in a concentration-dependent manner in wild-type EL-
transfected cells, HDL had no effect in cells expressing a catalytically inactive EL point
mutant (Figure 3D). This apparent dominant negative effect of catalytically inactive EL on
endogenous EL function has been previously reported and may stem from EL
dimerization.2” As before, tetrahydrolipstatin completely inhibited PPARa activation in the
presence of EL transfection, even at the highest HDL concentrations (Figure 3D). These
observations strongly support hydrolysis of HDL as being required for HDL-mediated
PPARa activation. These results also suggest that the PPAR« activation seen with HDL in
untransfected EC was likely attributable to the known endogenous expression of EL in these
cells. To definitively address this issue, similar EL transfection experiments were next
performed in NIH cells that lack endogenous EL.25

The Presence of EL Is Necessary and Sufficient to Confer HDL-Induced PPARa. Activation

Standard PPARa-LBD assays were performed in NIH cells after exposure to increasing
HDL concentrations (maximum 200 pg/mL) in either the absence or presence of EL
transfection as before. In the absence of EL transfection, HDL stimulation had no significant
effect on PPARa activation (maximum 1.7-fold activation at 200 pg/mL of HDL); in
contrast, in the presence of EL transfection, HDL stimulation increased PPARa activation
7.3-fold at 200 pg/mL of HDL (P<0.005, Figure 4A).

To further establish that EL itself can activate PPARa in the presence of HDL, PPARa—
LBD experiments were repeated in NIH cells exposed to increasing volumes of conditioned
medium from EL-overexpressing cells (from 50 uL/well to 500 uL/well of conditioned
medium in 24-well plates). At a constant concentration of HDL (100 pg/mL), PPARa-LBD
activation increased linearly as a function of the amount of EL-conditioned medium added
(3.87-fold PPARa activation at 500 pL/well of EL-conditioned medium versus 1.25-fold
with control medium, P<0.005, Figure 4B). The HDL hydrolytic activity for this
conditioned medium was 500 nmol FFA formed per mL after 4 hours at 37°C.

PPAR Isotype-Specific Effects of EL/HDL

Because EC express all PPAR isotypes to varying degrees,3 we next characterized the
relative PPAR isotype selectivity through HDL hydrolysis by EL. LBD assays were repeated
in BAEC overexpressing EL as before but now after transfection of PPARa, PPARY, or
PPARGS-LBD constructs, comparing responses to the maximal activation seen with well-
characterized agonists to each PPAR isotype. In the presence of EL transfection, HDL (90
ug/mL) induced activation that was 86% of the PPAR« agonist (WY 14643, 10 umol/L),
49.5% of the PPARY agonist (BRL, 1 mmol/L), and 39% of the PPARS agonist (bezafibrate,
10 pmol/L, Figure 5).

EL/HDL Induces PPARa Target Gene Expression

If HDL hydrolysis by EL activates PPARa, then it should induce expression of positively
regulated, canonical PPARa target genes that contain a known PPAR response element,
doing so in a PPARa-dependent manner. Acyl-CoA-oxidase (ACO) is a well-established
PPARa-regulated target gene that fulfills such requirements.1? Microvascular ECs from
PPARa** and PPARa ™~ mice were transfected with EL or control plasmid and stimulated
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with either HDL (at 90 or 200 ug/mL) or the synthetic PPARa agonist WY 14643 (10
umol/L) before performing ACO Northern blot analysis. In the genetic presence of PPARq,
HDL induced ACO expression to a similar level as the PPARa agonist WY in EL-
transfected cells; this effect was absent in PPARa-deficient ECs (Figure 6). Densitometry
and quantification reveal that ACO expression (normalized to GAPDH) in these
microvascular ECs increases 1.92-fold and 2.47-fold in response to WY or HDL,
respectively, as compared with the control.

Hydrolysis of HDL Is a Distinct Lipolytic Mechanism for PPARa Activation

The unique biologic role of EL among lipases establishes the importance of these
observations for EL/HDL-mediated PPARq activation. Nevertheless, because LPL can
generate PPARa ligands, 10 we next investigated if hydrolysis of HDL by EL is distinct from
LPL in terms of PPAR activation. To address this, we asked if the presence of EL modulated
the maximal PPARa activation seen with LPL after exposure to either VLDL or HDL. As
previously reported,1€ in the presence of VLDL (5 pg/mL), LPL increased PPARa-LBD
activation in a concentration-dependent manner (maximum 9.9-fold, Figure 7A). This
concentration of VLDL used here produces robust PPARa activation in the presence of
LPL, whereas the use of even higher VLDL concentrations induces cell death.19 EL
overexpression had no impact on the LPL/VLDL responses seen (maximum 9.6-fold, Figure
7A). In contrast, when HDL (90 pg/mL) was the substrate, the presence of EL transfection
increased PPARq activation significantly (*P<0.05, Figure 7B); in contrast LPL, even at
maximal concentrations, had no effect on the EL/HDL/ PPARa response (Figure 7B). These
results support preferential hydrolysis of HDL by EL as a unique pathway for PPARa
distinct from LPL/VLDL-mediated responses.

HDL Inhibits Leukocyte Adhesion to TNFa-Stimulated Mouse ECs in a PPARa-Dependent

Manner

Given this evidence for HDL hydrolysis by EL as a mechanism for PPARa activation, we
returned to our initial observation that a lipase inhibitor blocks HDL-mediated repression of
leukocyte adhesion to ask if this response required the presence of PPARa. Similar adhesion
assays as in Figure 1 were repeated but measuring adhesion of fluorescently-labeled murine
monocyte-macrophage J774A.1 cells to microvascular ECs isolated from either wild-type
(PPARa**) or PPARa-deficient (PPARa™") mouse hearts. As with HUVEC, both the
PPARa agonist WY 14643 (10 umol/L) or HDL (90 ug/mL) significantly decreased
leukocyte adhesion by 43% and 35%, respectively, but not when tetrahydrolipstatin was
added with HDL (compared with TNFa stimulation alone, Figure 8A, upper panel). In the
genetic absence of PPARa, HDL and WY had no effect (Figure 8A, lower panel).
Quantification of these responses demonstrated a significant reduction in leukocyte adhesion
by WY 14643 and HDL (P<0.05) in a PPARa-dependent manner (Figure 8B). Interestingly,
in the absence of PPARa, leukocyte adhesion is increased under both basal and TNFa-
stimulated conditions (P<0.05).
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Discussion

We have observed that HDL-mediated repression of leukocyte adhesion to endothelial cells
is markedly decreased after inhibition of lipase activity. Subsequent studies presented here
identify hydrolysis of HDL by endothelial lipase (EL) as a pathway for PPARa activation
and subsequent VCAM 1 repression, as evident in LBD assays, PPARa target gene
induction, and a genetic requirement for PPARa for these EL/HDL effects to be seen. EL
expression was both necessary and sufficient to confer PPARa responsiveness to HDL as
shown in EL-nonexpressing cells after EL transfection or exposure to EL-conditioned
media. Characterization of this EL/PPAR pathway reveals selectivity as to lipoprotein
substrate (HDL>>LDL>VLDL) and the targeted PPAR isotype (PPAR-a>>-y>-3). These
findings reveal HDL hydrolysis by EL as a mechanism for PPAR activation and identify a
plausible mechanism potentially contributing to HDL effects on limiting leukocyte adhesion
to the endothelium and vascular inflammation.

LPL hydrolysis of VLDL has been shown to activate PPARs.10:14 We reported that LPL acts
on triglyceride-rich lipoproteins like VLDL to most potently activate PPARa, with lesser
responses to LDL and even less with HDL as LPL substrates.19 In cell-free radioligand
displacement assays, LPL-treated VLDL displaced high affinity synthetic PPAR agonists
from expressed PPAR proteins following the order PPARa>>PPARS>PPARY. Chawla et al
concurrently reported that LPL-treated VLDL activated PPARS in mouse macrophages, cells
that are thought to have low if not undetectable PPARa levels, in contrast to human
macrophages.}4 Comparing these findings to the data presented here, EL-mediated PPAR
activation appears distinct from the LPL/PPAR pathway given differences in substrate
preferences and the targeted PPAR isotypes. This conclusion is further supported by the
demonstration that EL-treated HDL activation of PPARa is not altered by LPL regardless of
its concentration (Figure 7B). The divergence we find between LPL and EL mechanisms of
PPAR activation is consistent with previous studies defining specific differences between
EL, LPL, and hepatic lipase as triacylglycerol hydrolysis family members.28:29 In addition
to demonstrating and characterizing this novel EL/HDL/PPAR pathway, our results also
identify PPAR activation as a previously unrecognized factor to be considered in
interpreting studies on endothelial responses to HDL. More broadly, these findings support
our working model that different lipases act on specific lipoproteins to direct distinct
transcriptional responses. The specific limbs of such a network would be dictated by the
nature of the lipoprotein substrate, the unique biologic role of specific lipases, as well as the
distal consequences of activating a given PPAR isotype. These variables also suggest that
establishing the relative potency between EL and LPL in terms of PPARa activation may be
less relevant to PPAR activation in vivo via pathways of lipid metabolism. The distinctive,
nonoverlapping roles for EL and LPL in PPAR activation are particularly intriguing given
very recent evidence for EL and LPL effects on fatty acid uptake in adipocytes.20

EL is unique among triglyceride lipase family members given its predominant endothelial
expression.18:25 The role of EL in vascular biology is not yet clearly defined. EL is known to
participate in HDL metabolism,30:3 although EL-mediated nuclear receptor activation has
not been previously reported. Like LPL, EL has nonenzymatic effects, including increased
noncatalytic lipoprotein uptake.2® Such EL bridging effects are unlikely to contribute to
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PPARa activation given the absence of PPAR responses with either a catalytically inactive
EL mutant or in the presence of a general lipase inhibitor (Figure 3B). Given EL’s high
degree of phospholipase activity, one might predict the specific PPAR ligand released from
HDL by EL to be a fatty acid derived from the SN-1 position of a phospholipid.18:25 This
would also be consistent with HDL as a phospholipid-rich lipoprotein being the preferred
substrate for EL-mediated PPAR activation.

EL expression is induced by inflammatory cytokines as well as physical forces such as shear
stress.32:33 Repression of adhesion molecule expression as well as other reports of anti-
inflammatory effects through PPARa activation raise the intriguing possibility that EL
induction by these proinflammatory forces might foster counter-regulatory PPARa
responses. Interestingly, endogenous PPARa activation has been previously implicated in
terminating inflammatory responses, for example, through leukotrienes.3” Alternatively,
because previous work suggests EL can increase lipid uptake and promote atherosclerosis,3
EL-mediated PPAR activation might contribute to these pro-atherogenic processes as well.
Regardless of its net effect, the expression of EL in ECs and atherosclerotic plaque3® makes
its activation of PPARa of obvious physiologic and pathologic relevance.

In summary, these data establish hydrolysis of HDL by EL as a mechanism for PPARa
activation and PPARa regulation of VCAML1 expression. This EL-mediated PPAR
activation identifies a specific mechanism through which HDL can exert transcriptional
effects in the endothelium, thus representing an appealing mechanism contributing to the
anti-inflammatory effects of HDL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
HDL inhibits adhesion of U937 monocytoid cells to TNFa-stimulated ECs but not in the

presence of the lipase inhibitor tetrahydrolipstatin. A, Fluoresce-in-labeled U937 cells were
added to TNFa-stimulated (50 ng/mL) human EC monolayers after pretreatment with the
PPARa agonist WY 14643 (10 umol/L), HDL (90 ug/mL), or HDL (90 ug/mL) in the
presence of the lipase inhibitor tetrahydrolipstatin (10 pmol/L). Fluorescent microscopy
shows adherent U937 cells (green) on a near-confluent EC layer. B, Quantification of U937
adherence on EC monolayers as determined by fluorescence assay. Results are expressed as
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percentage of leukocytes bound to TNFa-stimulated cells. Bars represent mean+SEM (n=3);
#P<0.01 TNFa-stimulated ECs vs control; *P<0.01 WY and HDL vs TNFa-stimulated
ECs.
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Figure 2.

EL/HDL inhibits TNFa-mediated VCAM1 mRNA expression and promoter activity. A,
Northern analysis of VCAM1 mRNA expression was performed on human EC (HUVEC)
transfected with EL and then pretreated with increasing HDL concentrations (ug/mL, 3
hours) before TNFa (20 ng/mL, 16 hours) stimulation. In these EL-transfected cells, HDL
decreased TNFa-induced VCAML expression but not in the presence of the lipase inhibitor
tetrahydrolipstatin (10 pmol/L). B, TNFa- mediated VCAM1 promoter activation was tested
in NIH cells over a concentration range of HDL in the presence (solid line) or absence
(dashed line) of EL transfection. Cells were pretreated with HDL (3 hours) and then
stimulated with TNFa (30 ng/mL, 12 hours) before performing promoterluciferase assays.
In the presence of EL transfection, HDL significantly repressed VCAM1 promoter
activation by 63% compared with 17% in EL nontransfected cells (*P<0.05 at 200 pg/mL of
HDL; n=3, in triplicate for all). For comparison, the synthetic PPARa agonist WY 14643
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(250 umol/L) suppressed TNFa-induced VCAM1 promoter activity from 5.3-fold to 1.7-
fold; EL/HDL had no effect on the VCAM1 promoter in the presence of the lipase inhibitor
tetrahydrolipstatin (10 pmol/L, data not shown).
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Figure 3.

EL preferentially hydrolyzes HDL to activate PPARa in a manner dependent on EL
catalysis. Standard PPARa-LBD-GAL4 assays as described in Methods were performed in
BAEC:s either with or without cotransfection of human EL. Results are expressed as fold
activation over control after normalization. A, EL preferentially acts on phosphotidylcholine
(PC) and HDL to activate the PPARa— LBD. EC transfected with either empty vector or the
EL construct were exposed to PC, LDL, VLDL, and HDL at the concentrations shown and
PPARa~LBD activity determined. In EL-transfected cells, the most potent activation was
seen with HDL (*P<0.05); more modest activation was also evident with LDL and VLDL
(all lipoproteins at 60 pg protein/mL). For comparison, the PPARa-LBD response to

WY 14643 (10 pmol/L) is shown. B, In untransfected BAEC, HDL increases PPARa-LBD
activation in a concentration-dependent manner but not in the presence of tetrahydrolipstatin
(10 umol/L). C, Tetrahydrolipstatin preincubation (30 minutes, room temperature) decreases
PPARa-LBD activation in a concentration-dependent manner as evident in control
transfected (not shown) and EL-transfected BAEC exposed to HDL (60 pug/mL). D, PPARa
activation by EL/HDL requires catalytically-active EL. PPARa-LBD-GAL4 assays were
performed in BAEC after transfection of either wild-type or a catalytically-inactive EL point
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mutant in the presence of increasing concentrations of HDL. In cells expressing the
catalytically-inactive EL mutant, no significant increase in PPARa-LBD activation is seen
above basal levels across the HDL concentration tested. For comparison, concomitant
PPARa-LBD activation in cells transfected with wild-type EL is shown; tetrahydrolipstatin
(10 umol/L) abrogated the EL/HDL/PPARa response.
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Figure4.
Heterologous EL expression Confers PPARa Activation In Response to HDL. Standard

PPARa-LBD-GAL4 assays were performed as before but in NIH cells known to lack
endogenous EL expression. A, NIH cells transfected with either EL or the empty vector
were exposed to increasing concentrations of HDL before PPARa-LBD activation was
determined. HDL activates the PPARa-LBD in a concentration-dependent manner but only
in EL transfected cells. B, PPARa-LBD assays were performed in NIH cells exposed to
HDL (100 pg/mL) and increasing amounts of either EL protein conditioned medium
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(prepared and quantified from EL adenovirus-expressing cells as described in Methods) or
control-transfected medium (50 pL/well to 500 pL/well of medium, 24-well plates). The
extent of PPARa-LBD activation seen was linearly related to the amount of EL-conditioned
medium added; control medium had no effect.
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Figureb5.
Hydrolysis of HDL by EL activates PPAR isotypes in the order -a>-y >8. The activation of

each PPAR-LBD isotype (a, vy, or 8) in response to EL expression in the presence of
increasing HDL concentrations was tested using LBD assays in NIH cells as before.
EL/HDL most potently activated PPARa, followed by PPARY, and then PPARS at the
maximal HDL concentration tested (90 ug/mL). The EL/HDL response was expressed as a
percentage of the PPAR-LBD activation seen with known PPAR isotype-specific ligands as
follows: PPARa-WY14643 (10 umol/L); PPARy-BRL49653 (1 pmol/L); PPARS-
bezafibrate (10 umol/L).
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Figure6.
EL/HDL induces mRNA expression of the PPARa target gene acyl CoA oxidase (ACO) but

only in the genetic presence of PPARa. ECs from PPARa wild-type (+/+) and deficient (-/
—) mice were transfected with EL or a control plasmid and stimulated with either WY 14643
(20 pmol/L) or HDL (90 or 200 pg/mL) before performing Northern blot analysis for ACO.
Densitometry and quantification analysis as compared with GAPDH expression indicates

WY and HDL increased ACO 1.92-fold and 2.47-fold, respectively, in EL-transfected cells.
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Figure?7.
EL and LPL are distinct mechanisms for lipolytic PPARa activation. The additional

PPARa~-LBD activation seen with EL vs LPL in response to VLDL or HDL was compared
in BAEC. A, Cells were exposed to increasing concentrations of LPL as shown in the
presence of a fixed concentration of VLDL (5 pg/mL). As previously reported,10 LPL
increased PPARq activation in a concentration-dependent manner. The presence or absence
of EL-transfection had no impact on the PPAR activation seen by LPL/VLDL. B, Similar
experiments as in (A) were repeated with increasing concentrations of LPL but in the
presence of a fixed concentration of HDL (90 pug/mL). With HDL as the substrate, the
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presence of EL overexpression significantly increases the PPARa activation seen at any
given LPL concentration (P<0.05 for each LPL concentration).
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Figure8.
HDL inhibits leukocyte adhesion to TNFa-stimulated mouse ECs in a PPARa-dependent

manner. A, Fluorescein-labeled murine J774A.1 mouse monocyte-macrophage-like cells
were added to TNFa-stimulated (30 ng/mL) mouse PPARa** and PPARa ™~ ECs after
pretreatment with either the PPARa agonist WY 14643 (10 umol/L), HDL (90 ug/mL), or
HDL (90 ug/mL) in the presence of the lipase inhibitor tetrahydrolipstatin (10 pmol/L).
Fluorescence microscopy shows adherent J774A.1 cells (green) on a confluent mouse EC
layer. B, Quantification of J774A.1 adherence on mouse EC monolayers as determined by
fluorescence assay. Results are expressed as percentage of leukocytes bound to TNFa-
stimulated cells. Bars represent mean£SD (n=3); #P<0.05 (TNFa-stimulated alone vs
TNFa-unstimulated control EC); **P<0.01 (TNFa-stimulated +/+ vs —/— ECs); *P<0.05
(TNFa and WY or HDL vs TNFa-stimulated alone +/+ ECs); TP<0.02 (unstimulated +/+ vs
-/- ECs).
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