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Abstract Oxidized  1-palmitoyl-2-arachidonyl-sn-glycero-
3-phospholcholine (OxPAPC) and its component phospho-
lipids accumulate in atherosclerotic lesions and regulate the
expression of >1,000 genes, many proatherogenic, in hu-
man aortic endothelial cells (HAECs). In contrast, there is
evidence in the literature that HDL protects the vasculature
from inflammatory insult. We have previously shown that in
HAECs, HDL attenuates the expression of several proathero-
genic genes regulated by OxPAPC and 1-palmitoyl-2-(5,6-
epoxyisoprostane E2)-sn-glycero-3-phosphocholine. We now
demonstrate that HDL reverses >50% of the OxPAPC tran-
scriptional response. Genes reversed by HDL are enriched
for inflammatory and vascular development pathways, while
genes not affected by HDL are enriched for oxidative stress
response pathways. The protective effect of HDL is partially
mimicked by cholesterol repletion and treatment with apoAl
but does not require signaling through scavenger receptor
class B type L. Furthermore, our data demonstrate that HDL
protection requires direct interaction with OxPAPC. HDL-
associated platelet-activating factor acetylhydrolase (PAF-AH)
hydrolyzes short-chain bioactive phospholipids in OxPAPC;
however, inhibiting PAF-AH activity does not prevent HDL
protection. Our results are consistent with HDL sequester-
ing specific bioactive lipids in OxPAPC, thereby preventing
their regulation of select target genes.ll Overall, this work
implicates HDL as a major regulator of OxPAPC action in
endothelial cells via multiple mechanisms.—Emert, B., Y.
Hasin-Brumshtein, J. R. Springstead, L. Vakili, J. A. Berliner,
and A. J. Lusis. HDL inhibits the effects of oxidized phos-
pholipids on endothelial cell gene expression via multiple
mechanisms. J. Lipid Res. 2014. 55: 1678-1692.
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Over the past 50 years, epidemiological and clinical stud-
ies have implicated the major serum lipoproteins in coro-
nary artery disease (CAD) (1, 2). Elevated LDL is strongly
associated with CAD in patient populations, and the prod-
ucts of the oxidative modification of LDL particles initiate
an inflammatory cascade in the vessel wall that contributes
to atherosclerosis (3-5). Oxidation products of 1-palmitoyl-
2-arachidonyl-sn-glycero-3-phosphatidylcholine (OxPAPC)
are major proatherogenic components of minimally modi-
fied LDL, which accumulate in atherosclerotic lesions and
induce a strong transcriptional response of >1,000 genes in
human aortic endothelial cells (HAECs) (6-9). OxPAPC
treatment regulates the abundance of transcripts enriched
for several gene ontology categories in HAEGCs, including
the unfolded protein response (UPR), endocytosis, inflam-
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mation, angiogenesis, and others. Importantly, molecules
that inhibit oxidized phospholipid activity have therapeutic
benefits in models of atherosclerosis, implying a causal role
for oxidized phospholipids in atherogenesis (10-14).

Contrary to oxidized LDL, HDL functions in many ways
to reduce plaque burden and protect the vasculature (15,
16). In addition to its role in cholesterol transport, HDL
possesses anti-inflammatory, antioxidant, and antithrom-
botic properties (17-19). These include directly inhibiting
the oxidation of LDL, sequestering by-products of lipid
oxidation, and promoting eNOS stability and accumula-
tion in the vessel wall (17, 18, 20-22). In addition, mem-
bers of our group have previously reported that HDL
inhibits the induction by OxPAPC of chemotactic cyto-
kines [interleukin (IL) 8, monocyte chemotactic protein 1
(MCP-1), and IL-6], UPR transcription factors [activating
transcription factor 3 (ATF3), activating transcription fac-
tor 4 (ATF4), and X-box binding protein 1 (XBPI)], and
sterol biosynthetic genes [LDL receptor (LDLR), Insig-1,
and HMG-CoA synthase] in HAECs (23). Although re-
search has clearly defined a significant role for HDL in
vascular health, recent clinical trials and causal genetic
studies have failed to corroborate the link between HDL
cholesterol and CAD (24-27). However, the measurement
of HDL cholesterol used in these studies may not accu-
rately reflect important HDL functions (19, 27). Thus, fur-
ther research is needed to understand the complex role of
HDL in vascular biology.

The objective of the current study was to explore the abil-
ity of HDL to antagonize the effects of OxPAPC on genome-
wide gene expression in HAEGs. Our results demonstrate
that HDL inhibits >50% of the gene expression regulated
by OxPAPC but does not inhibit the activation of oxidative
stress response pathways. We also examined a number of
potential mechanisms of HDL protection involving both ef-
fects on endothelial cells and on OxPAPC. We conclude
that HDL antagonizes OxPAPC signaling via multiple
mechanisms.

MATERIALS AND METHODS

Reagents

PAPC was purchased from Avanti Polar Lipids Inc. (Alabaster,
AL) and autoxidized via exposure to air for 24-48 h to produce
OxPAPC as described previously (6). The 5,6-epoxyisoprostane
(EI) was synthesized as described previously, and a single analog,
EI4, was used in this study (28). Cholesterol-cyclodextrin com-
plex was purchased from Sigma-Aldrich. Rabbit polyclonal anti-
bodies targeting scavenger receptor class B type I (SR-BI) were
purchased from Novus Biologicals (NB400-104 and NB400-134).
HDL was isolated from human donor plasma by the Atheroscle-
rosis Research Unit at University of California, Los Angeles
(UCLA) using sequential ultracentrifugation (1.063 < d < 1.21)
as described previously (29).

Cell culture and treatment conditions

HAEC cultures were isolated from aortic explants of healthy
heart transplant donors and cultured in MCDB-131 complete

HDL regulation of OxPAPC signaling in human endothelial cells

media (Vec Technologies) as described previously (6, 8). Treatment
media consisted of medium M199 (Cellgro) supplemented with
1% FBS (Hyclone, Fisher Scientific) and penicillin-streptomycin
(Cellgro). All treatments with lipids were performed on primary
HAECG:s in passages 3 through 7. After treatment, cells were lysed
in Qiazol, and mRNA was isolated using the RNeasy minikit (Qia-
gen). For expression knockdown studies, HAECs were trans-
fected at 50% confluence for 4 h with 40 pmol of siRNA oligos
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s protocol. Transfections were performed 48 h prior to
lipid treatments. siRNAs targeting SR-BI were purchased from
Qiagen (cat. nos. SI03066833 and S102777194). For experiments
using platelet-activating factor acetylhydrolase (PAF-AH) inhibi-
tors, HDL was pretreated with 1 mM Pefabloc or 100 pM methyl-
v-linolenyl fluorophosphonate (MAFP) for 30 min at 37°C. Excess
inhibitor was removed by overnight dialysis before treating cells.

Microarray analysis

RNA concentrations were measured with the Nano Drop 2000
(Thermo Fisher), and quality was checked with the Agilent Bio-
anlalyzer 2100 (Agilent). Microarray hybridization was performed
on the Illumina HT12 v4 microarray by the UCLA EpiGenetics
and Genetics core. Expression profiles without background or
normalization were determined using Direct Hybridization mod-
ule in the GenomeStudio software. Expression profiles of multi-
ple donors were then analyzed with the “limma” R package using
‘neqc’ function for quantile normalization and background cor-
rection, with donors used as biological replicates. Probe annota-
tion was obtained from illuminaHumanv4.db R package, and
probes that were annotated as “Bad” or “No match” were removed
from downstream analysis. Contrast matrix was constructed to
represent all the comparisons, and differential expression was
tested using linear models and ‘ebayes’ function. All Pvalue cut-
offs refer to adjusted Pvalues that reflect false discovery rate cor-
rection for multiple testing.

For quantitative PCR (qPCR), cDNA was prepared using the
ABI High Capacity cDNA Reverse Transcription Kit using equal
amounts of input mRNA. Reactions were set up using the SYBR
Green mastermix (Kapa Biosystems) and measured on the Roche
LightCycler 480 (Roche Diagnostics).

Lipid extraction and quantification by HPLC-MS

OxPAPC (100 pg) was incubated with or without 100 pg of
HDL in PBS lacking calcium and magnesium for 1 h at 37°C. Lip-
ids were extracted using a modification of the method of Bligh
and Dyer (30). In brief, 3 vol of chloroform-methanol (2:1) con-
taining 0.01% butylated hydroxytoluene (BHT) was added to
each sample before vortexing. Samples were then stored under
argon at 4°C overnight, and 3 pg of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) was added as an internal control. An
additional volume of methanol and 0.8 vol of PBS were added
(final ratio chloroform-methanol-aqueous, 2:2:1.8), and the sam-
ples were vortexed and centrifuged at 2,800 rpm for 10 min (Ep-
pendorf 5810R rotor A-4-62). The organic phase was carefully
removed and dried under a stream of nitrogen. Dried samples
were stored under argon at —80°C. For HPLC-MS, samples were
resuspended in 1:1 chloroform-methanol and loaded onto an
ACE C8 Ultra-Inert Analytical 3 micron HPLC column. Gradient
elution was set at a flow rate of 0.2 ml/min. Mobile phase A con-
sisted of 0.3% formic acid in water, and mobile phase B consisted
of 0.3% formic acid in methanol. The gradient was programmed
as follows: 0-11 min, linear gradient from 75.0% to 98.0% B;
11-15 min, 98.0% B; 15-15.1 min, linear gradient from 98.0% to
75.0% B; 15.1-20 min, 75.0% B. Mass spectra were measured with
the LCT-Premier XE TOF Instrument controlled by MassLynx 4.1
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software. The mass spectrometer was equipped with a Multi-Mode
Source operated in the electrospray mode. The m/z ratios of moni-
tored ions were as follows: 496 lysophosphatidylcholine (LPC),
594 [1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine
(POVPC)], 610 [1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocho-
line (PGPC)], 678 (DMPC), 782 (PAPC), and 828 [1-palmitoyl-2-
(5,6-epoxyisoprostane E2)-sn-glycero-3-phosphocholine (PEIPC)].
LPC, POVPC, PGPC, PAPC, and PEIPC were normalized to DMPC
to quantify each species.

RESULTS

Effect of HDL on transcript levels in response to
OxPAPC

We have previously reported that HDL inhibits OxPAPC-
induced transcription of specific genes that were used as
molecular markers of particular cellular pathways (23).
Later studies demonstrated that OxPAPC induces tran-
scriptional changes in >1,000 genes in HAEGs (8). We
sought to examine the effects of HDL on the HAEC re-
sponse to OxPAPC in a more comprehensive manner us-
ing microarrays. To this end, we treated HAECs from four
different donors with HDL, OxPAPC, and OxPAPC+HDL
and compared the transcriptional response of OxPAPC-
treated samples versus OxPAPC+HDL-treated samples
relative to control.

Clustering of the different donors and treatments clearly
shows that HDL has a pronounced effect on expression of
OxPAPC-regulated genes, while control samples treated
with HDL alone cluster by donor (Fig. 1A). Markedly,
HDL alone had virtually no effect on HAEC gene expres-
sion. In contrast, OxPAPC induced significant changes in
the expression of 1,679 genes (FDR corrected P < 0.05).
However, only 806 of these genes were significantly af-
fected by OxPAPC in the presence of HDL (Fig. 1B, C).
These results show that HDL has a broad effect on HAEC
response to OxPAPC, affecting >50% of genes regulated
by OxPAPC. We defined “HDL response” and “genes re-
versed by HDL” as the difference between HAEC tran-
scriptional response to OxPAPC and to OxPAPC+HDL
[i.e., in this experiment, HDL reversed 873 out of 1,679
genes (52%)] (Fig. 1C).

Many of the genes that are significantly affected by
OxPAPC show a modest response in terms of fold change.
For example, out of 1,679 genes affected by OxPAPC, the
expression of only 240 genes was affected >2-fold (Fig. 1B
and supplementary Table I). We examined whether HDL
primarily affects genes that are subtly regulated by Ox-
PAPC versus genes that show a large response to OxPAPC
treatment (supplementary Table I). Surprisingly, the pro-
portion of genes reversed by HDL was independent of the
magnitude of effect of OxPAPC, and imposing fold change
cutoffs only marginally increased the fraction of genes re-
versed by HDL to 60% (supplementary Table I).

A recent study by Romanoski et al. (8) examined the
OxPAPC response in HAEC from 150 donors and demon-
strated that OxPAPC responsive genes can be classified into
12 modules based on their coexpression profiles. These
modules were enriched for genes from particular gene
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ontology (GO) categories, suggesting that they reflect acti-
vation or inhibition of specific pathways. In order to deter-
mine whether the HDL response is limited to particular
pathways or modules, we compared our results with the net-
work analysis published in that study. We found that while
there is some variation in the proportion of HDL-affected
genes in the different modules, there are no apparent pref-
erences to specific modules (supplementary Table II). We
note that the OxPAPC response observed in our study only
partially recapitulates the OxPAPC response described pre-
viously, which is likely attributable to the different number
of donors examined in each study. To identify pathways that
were significantly affected by OxPAPC treatment and exam-
ine the effect of HDL on these pathways, we used the Signal-
ing Pathway Impact Analysis (SPIA) R package (Table 1).
Altogether, HDL inhibited the effect of OxPAPC on 22 out
of 24 KEGG pathways. We also examined which genes were
most robustly affected by HDL and found that the OxPAPC-
mediated induction of several members of the Kriippel-like
factor (KLF) family of transcription factors, particularly
KLF2, was completely reversed by HDL cotreatment (sup-
plementary Fig. I). Interestingly, HDL did not significantly
affect the regulation of genes involved in the oxidative stress
response, although several are among the most strongly in-
duced by OxPAPC (supplementary Fig. II).

SR-BI and apoAl as potential mediators of HDL
protection

In order to gain greater insight into the mechanisms
mediating the effect of HDL on OxPAPC signaling, we in-
vestigated the role of the principal HDL receptor SR-BI. In
hepatocytes, SR-BI regulates the uptake of cholesterol
from HDL during reverse cholesterol transport, and in en-
dothelial cells, SR-BI has been shown to mediate eNOS
activation and cholesterol repletion via interaction with
apoAl (16). Transfection of HAECs with siRNA targeting
SR-BI reduced SR-BI mRNA levels by 95% with a concomi-
tant decrease in SR-BI protein levels (supplementary Fig.
IIT). In siRNA-transfected HAECs, HDL maintained the
ability to inhibit OxPAPC-mediated induction of KLF2,
ATF3, and INSIGI expression (Fig. 2A). Similarly, cotreat-
ment of HAEGCs with anti-SR-BI blocking antiserum did
not attenuate the effect of HDL on OxPAPC signaling
(Fig. 2B).

Treatment of HAECs with purified apoAl partly mim-
icked HDL’s effect on OxPAPC signaling (Fig. 2C). ApoAl
at 50 pg/ml reduced the induction of KLF2, ATF3, and
INSIG1by OxPAPC. In contrast to the effect of HDL, which
reduced /L-§ induction, apoAl did not reduce /L-§ expres-
sion. Treatment with lower concentrations of apoAl did
not effect OxPAPC-mediated induction of these genes
(data not shown). These results suggest that HDL, and to
a lesser extent apoAl, can antagonize the effect of Ox-
PAPC on gene expression in human endothelial cells in-
dependent of SR-BI.

Cholesterol repletion as mediator of HDL protection

Treatment of endothelial cells with oxidized LLDL or
OxPAPC depletes caveolar membrane cholesterol, causing
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Fig. 1. HDL affects 52% of genes regulated by OxPAPC. HAECs from four unique donors were treated
with HDL (40 pg/ml), OxPAPC (40 pg/ml), or both (OxPAPC+HDL), and mRNA was isolated and sub-
jected to microarray analysis. Differentially expressed genes as compared with control samples (false discov-
ery rate adjusted P< 0.05) were identified in OxPAPC-treated samples and in OxPAPC+HDL-treated samples
independently. OxPAPC regulated 1,679 genes out of the 14,899 genes analyzed on the array. A: Heat map
showing the pattern of regulation of genes affected by OxPAPC in untreated cells, cells treated with HDL,
cells treated with OxPAPC, and cells treated with OxPAPC+HDL. Dendogram on top shows clustering of the
samples, where color of the nodes represents treatment group: gray for control, green for HDL, red for
OxPAPC, and blue for OxPAPC+HDL. Individual donors are indicated below the heat map. Each sample was
hybridized to two arrays, and expression was averaged between the technical replicates. While HDL itself has
no apparent effect on gene expression (and on samples clustering), OxPAPC+HDL-treated samples clearly
cluster separately from OxPAPC-treated samples, indicating a global effect of HDL on OxPAPC-related
changes in gene expression. B: Log2-fold change of probe expression in OxPAPC-treated samples as a func-
tion of mean probe expression (x-axis). Genes that were not affected by OxPAPC are in gray. Genes that were
significantly induced or repressed by OXxPAPC are shown in dark blue. C: Fold change of expression of
OxPAPC-affected genes (dark blue in B) in OxPAPC+HDL-treated samples. As in B, genes unaffected by
OxPAPC are shown in gray. Genes affected by OxPAPC (dark blue in B) are shown in either dark blue or
light blue. Dark blue indicates genes significantly affected by OxPAPC and not reversed by HDL, while light
blue indicates genes reversed by HDL.

the activation of sterol-regulatory element binding protein
(SREBP) and induction of SREBP target genes INSIG1 and
LDLR (31). HDL can mitigate this effect by donating cho-
lesterol to endothelial cells treated with oxidized LDL,
thereby stabilizing caveolar membrane structure (32, 33).
As presented in Fig. 3, cotreatment of HAECs with 20 pg/ml
of cholesterol-cyclodextrin inhibited the induction of
INSIG1 and LDLRby OxPAPC to a similar extent as 50 pug/ml

of HDL. In contrast, cholesterol-cyclodextrin had no ef-
fect on the induction of ATF3 expression and augmented
the induction of KLF2 expression in HAECs exposed to
OxPAPC, a marked difference between the effects of cho-
lesterol-cyclodextrin and HDL (Fig. 3A).

To assess more accurately which aspects of the HDL
response can be mimicked by cholesterol loading, we
used microarrays to compare genome-wide expression of
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TABLE 1.

Pathways regulated by OxPAPC are reversed by HDL

Number of
Genes in the

OxPAPC OxPAPC+HDL

Number of Genes
Differentially

Number of Genes
Differentially

KEGG ID Name Pathway Expressed P Expressed P
4010 MAPK signaling pathway 208 53 9.45E-06 27 2.86E-02
5164 Influenza A" 137 35 2.26E-04 17 NS
5134 Legionellosis* 44 17 1.12E-03 9 NS
4012 ErbB signaling pathway 72 19 5.64E-03 8 NS
4722 Neurotrophin signaling pathway 99 26 5.64E-03 12 NS
5030 Cocaine addiction 38 13 5.64E-03 7 NS
4380 Osteoclast differentiation 99 25 8.06E-03 13 NS
5162 Measles” 97 23 8.06E-03 10 NS
5166 HTLV-I infection” 213 41 8.06E-03 22 NS
5169 Epstein-Barr virus infection” 174 36 8.06E-03 23 2.90E-02
5200 Pathways in cancer 253 48 8.06E-03 22 NS
5160 Hepatitis C* 97 24 9.35E-03 9 NS
5168 Herpes simplex infection” 145 30 9.51E-03 10 NS
5120 Epithelial cell signaling in 61 15 2.41E-02 6 NS
Helicobacter pylori infection”
5215 Prostate cancer 73 18 2.48E-02 6 NS
4064 Nuclear factor kB signaling pathway* 70 15 2.98E-02 11 NS
4660 T-cell receptor signaling pathway” 79 18 2.99E-02 3 NS
5211 Renal cell carcinoma 60 16 3.02E-02 8 NS
5203 Viral carcinogenesis* 162 31 3.48E-02 17 NS
4620 Toll-like receptor signaling pathway* 74 18 4.22E-02 10 NS
5145 Toxoplasmosis 93 21 4.22F-02 12 NS
4360 Axon guidance 105 19 4.52E-02 10 NS
4662 B-cell receptor signaling pathway” 62 14 4.52E-02 7 NS
5220 Chronic myeloid leukemia 62 15 4.80E-02 8 NS

NS, not significant. SPIA R package was used to assess enrichment of KEGG pathways for differentially expressed genes, either in OxPAPC or
OxPAPC+HDI ~treated samples. OxPAPC significantly affected 24 pathways, 22 of which were not significantly affected by OxPAPC+HDL treatment.
Activation status provided by SPIA is an approximation and should be interpreted cautiously. ErbB, epidermal growth factor receptor (EGFR) family
signaling pathway; HTLV-I, human T-lymphotropic virus 1; KEGG, Kyoto Encyclopedia of Genes and Genomes.

“Thirteen pathways that are explicitly related to immune response.

HAECs treated with OxPAPC (50 pg/ml), OxPAPC
(50 pg/ml) + HDL (50 wg/ml), and cholesterol-cyclodextrin
(20 pg/ml) + OxPAPC (50 pg/ml). We observed dramatic
differences between the effects of cholesterol loading and
HDL on HAEC response to OxPAPC. HDL reversed 1,779
(53%) of 3,375 genes affected by OxPAPC, while choles-
terol loading reversed 481 genes (15%) (Fig. 3B). A total
of 384 genes were reversed by both HDL and cholesterol
loading, representing 21.5% of all genes reversed by HDL.
Moreover, while cholesterol loading alone had minimal
effects on gene expression, cotreatment with OxPAPC syn-
ergistically effected the expression of 882 genes, while
HDL+OxPAPC synergistically regulated 279 genes (Fig.
3C). We note that in this experiment, OxPAPC regulated
the expression of 3,375 genes, which is about twice as
many as we observed in our previous experiment. This dif-
ference can be ascribed both to a higher concentration
of OxPAPC used in this experiment as well as to donor-
specific variation in HAEC response, which has been pre-
viously observed (8, 34).

We next examined whether the effects of cholesterol
loading and HDL are comparable at the pathway rather
than individual gene level. Comparison of gene ontology
categories affected by OxPAPC versus OxPAPC+HDL and
OxPAPC + cholesterol loading (supplementary Table III)
showed that cholesterol loading inhibited 43% of the
GO biological processes reversed by HDL. Among the
top 10 GO processes affected by OxPAPC treatment and
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reversed by HDL, only “positive regulation of defense re-
sponse” was similarly reversed by cholesterol loading (Ta-
ble 2). Other gene ontology categories induced by
OxPAPC and inhibited both by HDL and cholesterol
loading include “toll signaling pathway” and “regulation
of innate immune response,” suggesting that cholesterol
repletion may mediate anti-inflammatory properties of
HDL. However, we also observe GO categories regulated
by HDL for which cholesterol loading did not have an
observable effect. These include categories related to
blood vessel formation such as blood vessel morphogen-
esis, vasculature development, and smooth muscle cell
differentiation. These effects are consistent with HDL
not only reducing the inflammatory effects of oxidized
phospholipids, but also promoting vascular integrity (35,
36). In addition, preliminary results suggest that HDL
protects against endothelial barrier disruption induced
by OxPAPC as measured by transendothelial electrical re-
sistance (data not shown). In total, the effects of HDL on
endothelial cells mediated by SR-BI, apoAl, and choles-
terol repletion are unable to explain a majority of the in-
hibition we observe on OxPAPC signaling, suggesting
that HDL may directly affect OxPAPC composition and
activity.

Cell-independent effects of HDL on OxPAPC

We assessed whether cotreatment with OxPAPC is neces-
sary and sufficient for HDL protection of HAECs by testing
several different treatment conditions: pretreatment alone
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Fig. 3. Cholesterol loading mimics some aspects of the HDL response. To determine the extent to which HDL'’s effect on OxPAPC signaling in
HAECGs is mediated by cholesterol repletion, we compared the effect of cholesterol loading using cholesterol-cyclodextrin with that of HDL.
HAECs were pretreated for 1 h with media containing 1% FBS with or without HDL (50 pg/ml) or cholesterol-cyclodextrin (20 pg/ml). Media
or OxPAPC was then added to a final concentration of 50 pg/ml. A: After a 4 h treatment, mRNA was isolated and quantified by qPCR. The ex-
pression of SREBP target genes (LDLR and INSIGI) was induced by OxPAPC and similarly affected by HDL and cholesterol-cyclodextrin cotreat-
ment. In contrast, HDL inhibited the OxPAPC-mediated induction of ATF3 and KLF2, whereas cholesterol-cyclodextrin had no effect and
enhanced the upregulation of A7F3 and KLI"2, respectively. Data are presented as average log2-fold change of triplicates + SEM. * P<0.05, ** P<
0.01, *#* P<0.001 for comparison with OxPAPC log2-fold changes. Pvalues defined by unpaired Student’s #test. B, C: To further characterize the
similarity between the effects of HDL and cholesterol-cyclodextrin on OxPAPC signaling in HAECs, we repeated the treatment described previ-
ously on three additional HAEC donors and quantified global mRNA expression by microarray. B: Pie chart summarizing the overlap between
the effects of HDL and cholesterol-cyclodextrin on genes affected by OxPAPC. Consistent with our previous experiment, HDL reversed a majority
(53%) of genes affected by OXPAPC. In contrast, cholesterolcyclodextrin reversed only 23% of genes reversed by HDL. Only 3% of genes affected
by OxPAPC were reversed by cholesterol but not by HDL. C: Venn diagram, comparing cholesterol treatment versus HDL treatment. Cholesterol-
cyclodextrin, when combined with OxPAPC, had synergistic effects on gene expression as reflected by the number of genes (i.e., 803) affected
only in presence of both. OxPAPC and HDL, however, had a limited synergistic effect on gene expression.

with HDL preceding OxPAPC treatment, posttreatment with
HDL following OxPAPC treatment, and coincubation of Ox-
PAPC and HDL preceding cotreatment. The transcriptional
responses of HAEGCs following each of these conditions were
compared in parallel with our standard treatment condition
shown in Fig. 1 (1 h HDL pretreatment followed by 4 h treat-
ment with OxPAPC in the presence of HDL).

As presented in Fig. 4, neither pretreatment alone with
HDL nor posttreatment with HDL were able to inhibit the
induction of KLF2, ATF3, INSIGI, LDLR, and KLF4 by Ox-
PAPC to the same extent as our standard condition. Fur-
thermore, coincubation of OxPAPC with HDL, without
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pretreatment of HAEGs, was as effective as our standard
condition at attenuating the OxPAPC response in HAECs
(Fig. 4C). These data indicate the effect of HDL on the
OxPAPC response in HAECs requires cotreatment and
suggest that HDL inhibits OxPAPC activity via direct
interactions.

The specificity of HDL protection suggests that HDL
affects OXPAPC activity in a lipid-specific manner

The results of the microarray studies suggest that the ef-
fects of HDL on OxPAPC signaling in HAECs are gene spe-
cific, with 48% of genes regulated by OxPAPC unaffected by



TABLE 2. GO biological processes inhibited by HDL but not by cholesterol-cyclodextrin

Expected N
N Genes Significant N Significant P P P
GO ID Term in Pathway Genes OxPAPC OxPAPC OxPAPC+HDL OxPAPC+CHOL
GO:0051145 Smooth muscle cell 22 5.82 17 1.60E-06 NS 0.00015
differentiation
G0:0007049 Cell cycle 1,187 300.9 373 2.50E-06 NS 4.20E-06
GO:0001568 Blood vessel development 341 90.24 139 6.90E-06 NS 1.40E-05
GO:0042326 Negative regulation of 155 41 68 1.80E-06 NS 5.00E-06
phosphorylation
GO:0001944 Vasculature development 358 94.74 146 1.00E-05 NS 9.20E-06
GO:2000112 Regulation of cellular 2,227 589.37 701 4.10E-05 NS 0.00017
macromolecule
biosynthesis
GO:0031349 Positive regulation of 153 40.49 69 4.40E-05 NS NS
defense response
GO:0006809 Nitric oxide biosynthetic 35 9.26 22 6.70E-05 NS 0.00046
rocess
GO:0001816 Cyft)okine production 263 69.6 105 6.90E-05 NS 0.0008
GO:2000113 Negative regulation of 633 167.52 223 0.00014 NS 0.00033

cellular macromolecule
biosynthetic process

Enrichment of GO terms was assessed using topGO R package. Biological processes that showed significant enrichment in OxPAPC-treated
sample but not in OxPAPC+HDL-treated sample were ranked by enrichment P value in OxPAPC-treated sample. Top 10 biological processes are
shown (see supplementary Table III for the full list). Notably, 9 of the 10 most significant process reversed by HDL were not reversed by cholesterol

loading. CHOL, cholesterol.

cotreatment with HDL (Fig. 1). One possible explanation
for this finding is that HDL nonselectively sequesters all
components of OxPAPC, thereby effectively reducing the
exposure of HAECs to bioactive oxidized phospholipids. In
this scenario, genes that are sensitive to low concentrations
of OxPAPC might be relatively unaffected by HDL at low
concentrations and affected at higher concentrations. To
address the role of nonspecific sequestration, we examined
OxPAPC dose-response curves for several transcripts in the
absence or presence of HDL at several concentrations. For
the UPR transcription factor ATF3, HDL shifted the Ox-
PAPC dose-response curve to the right in a concentration-
dependent manner that is consistent with the sequestration
hypothesis (Fig. 5A). In the dose response, HDL reversed
the induction of KLF2 at all concentrations of OxPAPC and
HDL tested (Fig. 5C). While not affected by HDL treatment
alone, KLF2 expression was repressed in the presence of
both OxPAPC and HDL, indicating a synergistic effect of
cotreatment. In contrast, the OxPAPC dose-response curve
of HOI, a marker of the oxidative stress response in HAECs,
was marginally affected by HDL cotreatment at either
20 pg/ml or 40 pg/ml of HDL, consistent with our microar-
ray results and previous findings (23) (Fig. 5B). We also ex-
amined the effect of HDL on the abundance of 12 oxidative
stress response-related transcripts (supplementary Fig. II).
OxPAPC significantly affected the expression of 6 of these
transcripts, and HDL did not reverse these changes. To-
gether, these results confirm that the effects of HDL on Ox-
PAPC signaling are gene specific and argue against a model
in which HDL nonselectively sequesters all the bioactive
lipid components of OxPAPC.

Role of phospholipid hydrolysis by HDL-associated
enzymes in HDL protection

Various enzymes on HDL hydrolyze oxidized phospholip-
ids (29, 37, 38). PAF-AH is a calcium-independent type VII

HDL regulation of OxPAPC signaling in human endothelial cells

phospholipase associated with HDL that hydrolyzes biologi-
cally active oxidized phospholipids in minimally modified
LDL (mmLDL), thereby limiting their inflammatory effects
on endothelial cells, including the ability to promote mono-
cyte-endothelial interactions (29, 39). We assessed the enzy-
matic effects of HDL on OxPAPC by incubating OxPAPC
with HDL and reisolating phospholipids for analysis by
HPLC-MS. Under these conditions, HDL minimally reduced
the abundance of PEIPC (m/z 828.3), while strongly aug-
menting the hydrolysis of POVPC (m/z 594.2) and reducing
the levels of PGPC (m/z 610.2) by ~50% (Table 3). Native
PAPC (m/z782.3) was minimally hydrolyzed in the presence
of HDL. Consistent with the degradation of these phospho-
lipids, the levels of LPC increased nearly 20-fold in the sam-
ples of OxPAPC coincubated with HDL relative to the net
abundance in OxPAPC and HDL incubated separately. Addi-
tion of Pefabloc or MAFP, nonreversible inhibitors of PAF-AH,
markedly reduced the degradation of POVPC and PGPC as
well as the accumulation of LPC (Table 3). Surprisingly, the
loss of PEIPC was enhanced by the inactivation of PAF-AH.
Combined with the fact that this experiment was done using
buffer lacking calcium, which precludes activity of calcium-
dependent phospholipases, these results demonstrate that
HDL effectively catalyzes the degradation of several compo-
nents of OxPAPC in a PAF-AH-dependent manner.

To test whether PAF-AH activity is important in medi-
ating the effects of HDL on HAECs exposed to OxPAPC,
we incubated HDL with Pefabloc and assessed its ability
to inhibit OxPAPC signaling. HDL treated with Pefabloc
was as effective as untreated HDL at attenuating the in-
duction of KLF2, ATF3, and INSIGI by OxPAPC (Fig. 6A).
II-§ and HOI induction was unaffected by inhibitor-
treated and untreated HDL in this experiment. These
results suggest that the hydrolysis of PGPC and POVPC
is not responsible for HDL protection against OxPAPC
signaling. However, we were unable to inhibit the hydrolysis
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Fig. 4. The effect of HDL on the OxPAPC response
is mediated predominantly by direct interactions be-
tween HDL and OxPAPC. A: HDL pretreatment
alone has minimal effect on the OxPAPC response.
HAECs were pretreated for 2 h with HDL (50 pg/ml),
washed three times with PBS to remove HDL, and
then cells treated for 4 h with OxPAPC (50 pg/ml).
In contrast to the standard cotreatment (shown as
OxPAPC+HDL), pretreatment alone with HDL did
not inhibit the effect of OXPAPC on the expression
of KLF2, ATF3, INSIGI, and KLF4 and modestly re-
duced the induction of LDLR. For the standard
treatment, cells were incubated without (dark blue
bar) or with HDL (light blue bar) for 1 h, and then
OxPAPC was added to the media for 4 h. B: Post-
treatment with HDL does not inhibit the effect of
OxPAPC on HAEC gene expression. HAECs were
treated for 3 h with OxPAPC (50 pg/ml), washed
three times with PBS to remove OxPAPC, and post-
treated with either control media or media contain-
ing HDL (50 pg/ml) for an additional 3 h.
Posttreatment with HDL did not reduce the induc-
tion of KLIF2, ATF3, INSIG1, and KLF4 and only mar-
ginally affected the induction of LDLR compared
with posttreatment with media alone. C: In contrast,
coincubation of OxPAPC with HDL reduces the Ox-
PAPC response to a similar extent as our standard
HAEC pretreatment with HDL followed by cotreat-
ment. OxPAPC (50 png/ml) was incubated for 1 h at
37°C in medium M199 + 1% FBS with or without
HDL (50 pg/ml). The solution was then used to
treat HAECs for 4 h in parallel with standard con-
trol, OxPAPC (50 pg/ml), and OxPAPC+HDL
(50 pg/ml) treatments. In both cases, OxPAPC was
cotreated with HDL for 4 h. Data are presented as
average log2-fold change of triplicate samples +
SEM. * P< 0.05, ** P< 0.01, *** P<0.001 for indi-
cated comparisons. P values defi ned by unpaired
Student’s #test.
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Fig. 5. HDL has a gene-specific effect on OxPAPC
signaling in HAECs. HAECs were pretreated in the
absence or presence of HDL at 20 pg/ml or 40 pg/ml
for 1 h as described in the Materials and Methods.
Subsequently, OxPAPC was added to a final concen-
tration of 5 pg/ml, 10 png/ml, 20 wg/ml, 40 ug/ml,
or 60 pg/ml. After a 4 h cotreatment, mRNA was
isolated from cells and quantified by qPCR. The ex-
pression of ATF3 (A) was induced in the presence
of OxPAPC, and HDL cotreatment caused a dose-
dependent shift in the dose-response curve. B: In
contrast, HDL had a minimal effect on HOI induc-
tion at all concentrations of OxPAPC tested. C: Un-
like ATF3 and HOI, the expression of KLIF2 was
induced by OxPAPC and repressed in the presence
of both OxPAPC and HDL, indicating a syngergistic
effect of cotreatment. Points along the dose-re-
sponse curve were calculated as average log2-fold
change versus media control. All treatments were
run in triplicate, and error bars correspond to *
SEM. Asterisks indicate significance level (*P < 0.05,
#*P<0.01, ***P<0.001).

HDL protection does not involve OxPAPC binding to
cysteine residues on HDL

Previous studies have shown that circulating HDL can
accumulate oxidized phospholipids and that apoAl can
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TABLE 3.

PAF-AH-dependent effects of HDL on OxPAPC degradation

OxPAPC+HDL OXPAPC+HDL+Pefabloc OXPAPC+HDL+MAFP
m/z'782.3 (PAPC) 0.83 0.98 1.07
m/z594.2 (POVPC) 0.14 0.64 0.50
m/z610.2 (PGPC) 0.61 1.53 1.00
m/z 828.3 (PEIPC) 0.74 0.34 0.79
m/z496.2 (LPC) 19.5 2.53 1.30

OxPAPC was incubated with PBS alone, HDL, HDL treated with 1 mM Pefabloc, or HDL treated with 100 pM
MAFP for 1 h at 37°C. Total lipids were extracted and quantified by HPLC-MS as described in the Materials and
Methods. Ion abundances were normalized to a DMPC internal standard and are presented as fold changes relative
to the net abundance in OxPAPC alone (POVPC, PGPC, and PEIPC) or OxPAPC alone + HDL alone (PAPC and

LPC).

bind oxidized phospholipids in OxPAPC (40, 41). In addi-
tion, we previously demonstrated that bioactive phospho-
lipid components of OxPAPC can form Michael adducts
with cysteine residues on proteins in HAECs (42). We
therefore hypothesized that a protective mechanism of
HDL might involve covalent binding of OxPAPC to pro-
tein constituents of HDL via nucleophilic cysteine resi-
dues. However, irreversibly blocking cysteine residues on
HDL using 100 mM iodoacetamide did not affect the abil-
ity of HDL to inhibit OxPAPC signaling in HAECs, imply-
ing that either noncysteine nucleophiles or noncovalent
interactions may predominate in HDL regulation of Ox-
PAPC activity (Fig. 6B).

Oxidized phospholipids are the target of the HDL
protection

Previous work from our group demonstrated that the ef-
fect of HDL on one major component of OxPAPC, PEIPC,
was similar to that seen for total OxPAPC. HDL reduced the
induction of ATF3 and LDLR by PEIPC while HOI induc-
tion was unaffected (23). We therefore addressed the ques-
tion of whether HDL can protect against the effects of the
epoxyisoprostane (EI) formed from the sn-2 hydrolysis of
PEIPC. EI has recently been characterized and shown to re-
capitulate ~50% of the effects of PEIPC, including the acti-
vation of oxidative stress response and ER stress response
pathways (28). However, in contrast to OxPAPC and PEIPC,
El induces an anti-inflammatory phenotype in HAECGs.
Cotreatment of HAECs with EI and HDL demonstrated that
HDL is unable to inhibit the effects of EI on the expression
of several genes regulated by both PEIPC and EI (Fig. 6C).
This suggests that oxidized phospholipids and not their
fatty acids are targets of HDL protection.

DISCUSSION

HDL effects on transcription in the presence and absence
of OxPAPC

The aim of this current study was to determine the ef-
fects of HDL on the genome-wide transcriptional response
of HAECs exposed to OxPAPC and identify the proximate
mechanisms mediating these effects. For this study, we
used OxPAPC rather than individual oxidized phospholip-
ids because circulating HDL interacts with multiple oxi-
dized phospholipids that accumulate in both blood and
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the vessel wall (43-45). These combined phospholipids
would likely interact differently with HDL than would indi-
vidual phospholipids. Our microarray data consistently dem-
onstrated that HDL attenuates 50-60% of the transcriptional
changes induced by OxPAPC, and this effect is observed in
multiple donors. Pathway analysis using SPIA also indi-
cated that HDL acts on the majority of OxPAPC affected
pathways, and comparison with OxPAPC network analysis
suggested that the HDL effect is not limited to particular
modules of genes coregulated by OxPAPC (8). Further-
more, we demonstrate that there is no relationship be-
tween the extent of OxPAPC gene regulation and the
ability of HDL to inhibit OxPAPC signaling.

Previously published studies explored the role of HDL
alone as a transcriptional regulator using microarrays of
human endothelial cells treated with fetal or reconstituted
HDL (46, 47). Both studies reported extensive regulation
of transcription by reconstituted HDL (rHDL), although
for the vast majority of genes, the fold change was small. In
addition, McGrath et al. (46) showed that for some of the
most regulated genes, the effect of rHDL was time and
concentration dependent, and these authors observed no
effect on gene expression after a 4 h treatment. More re-
cently, Tabet et al. (48) found that human coronary artery
endothelial cells treated with 1 mg/ml of plasma-isolated
HDL for 16 h differentially expressed 120 genes, an effect
partly mediated by transfer of microRNA-223 from HDL.
In contrast, our study found that treatment with HDL
alone at 50 pg/ml does not alter gene expression in
HAECGs after 5 h. These results were robust across several
concentrations of HDL, donors, and experiments suggest-
ing that concentration, exposure time, endothelial sub-
type, and use of rHDL versus serum isolated are important
variables in assessing the effects of HDL on human en-
dothelial cells.

Mechanisms of HDL protection

We examined several cell-dependent mechanisms by
which HDL might attenuate the OxPAPC response in
HAECs. SR-BI mediates several of the vasoprotective ef-
fects of HDL including the inhibition of adhesion molecule
expression in endothelial cells following proinflammatory
stimuli, the induction of cyclooxygenase 2 and prostacy-
clin production, and the stimulation of endothelial cell
migration and reendothelialization following vascular in-
jury (49-52). A majority of these responses are dependent
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on NO production following SR-BI mediated eNOS acti-
vation (17, 53). In contrast to these studies, we found
that knockdown of SR-BI and cotreatment with blocking

HDL regulation of OxPAPC signaling in human endothelial cells

antibodies toward SR-BI had no effect on the ability of
HDL to inhibit OxPAPC signaling (Fig. 2). Signaling via
SR-BI by HDL is primarily mediated by apoAl, and in this
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study, we found that apoAl had a small but significant ef-
fect on the activity of OxPAPC. We hypothesize that this
modest effect of apoAl may be due to binding of specific
bioactive oxidized phospholipids rather than signaling
through SR-BI (16, 40).

We also examined the possibility that despite the results
with apoAl and SR-BI, cholesterol transport was involved
in the HDL protection against OxPAPC-dependent gene
regulation. HDL participates in bidirectional cholesterol
flux with the endothelium, thereby supporting cellular
cholesterol homeostasis (16, 54). In contrast, it has been
shown that OxPAPC depletes caveolar membrane choles-
terol from HAECs leading to the activation of SREBP and
induction of IL-8 and LDLR expression (31). To deter-
mine the extent to which cholesterol repletion could ac-
count for the observed effects of HDL on OxPAPC
signaling, we collected microarray expression data from
HAECs treated with cholesterol-cyclodextrin, HDL, and
OxPAPC. Cotreatment of HAECs with cholesterol-cyclo-
dextrin and OxPAPC recapitulated HDL’s effect on key
SREBP target genes, INSIGI and LDLR, as well as key in-
flammatory pathways (Fig. 3A and supplementary Table
IIT). However, only 23% of the genes affected by OxPAPC
treatment and reversed by HDL cotreatment were simi-
larly reversed by cholesterol-cyclodextrin. The remaining
77% of transcripts unaffected by cholesterol-cyclodextrin
were enriched among GO categories related to blood ves-
sel development, consistent with reports of HDL activating
endothelial repair mechanisms (16). These results indi-
cate that cholesterol repletion is insufficient to explain a
majority of the HDL response, though it likely plays a role
in regulating genes affected by OxPAPC and HDL related
to cholesterol homeostasis.

Because the major known protective effects of HDL on
endothelial cells did not account for the ability of HDL to
robustly inhibit OxPAPC signaling, we tested the hypoth-
esis that HDL affects OxPAPC composition and activity
directly. Our evidence that HDL cotreatment with Ox-
PAPC is required for HDL protection supports this hy-
pothesis. Coincubation of OxPAPC with HDL, without
pretreatment of HAECs with HDL, was sufficient to reduce
the induction of KLF2, ATF3, INSIGI, and KLF4 by
OxPAPC; whereas pretreatment or posttreatment alone
with HDL, without cotreatment with OxPAPC, only mod-
estly reduced the induction of LDLR and did not affect the
upregulation of KLF2, ATF3, INSIGI, and KLI'4 (Fig. 4).
These data strongly suggest that the effect of HDL on the
OxPAPC response in HAECs is mediated predominantly
by direct interactions between HDL and OxPAPC.

We next addressed the question of how the HDL Ox-
PAPC interaction mediates protection. The large number
of OxPAPC-regulated genes affected by HDL suggested
that nonspecific sequestration of OxPAPC lipids by HDL
might account for the changes in gene expression. How-
ever, our data provide evidence against this mechanism.
Transcriptional changes of multiple genes in dose-response
experiments, using varying concentrations of OxPAPC
and HDL, are inconsistent with nonspecific sequestration
of OxPAPC by HDL. This is further supported by the fact
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that OxPAPC retains the ability to activate oxidative stress
response pathways during cotreatment with HDL (supple-
mentary Fig. IT).

As possible direct and specific effects of HDL on Ox-
PAPC activity, we examined the role of HDL-mediated
degradation or binding to select oxidized lipids. Our group
and others have shown that several HDL-associated en-
zymes catalyze the degradation of oxidized phospholipids
including those contained in OxPAPC (29, 38, 39). Be-
cause our HDL preparations are isolated in the presence
of EDTA and lack calcium-dependent phospholipase activ-
ity, we investigated the role of calcium-independent
PAF-AH in mediating the HDL response. Coincubation of
HDL with OxPAPC induced a large accumulation of LPC
in cell-free conditions, an effect inhibited by the addition
of PAF-AH inhibitors (Table 3). The increase in LPC was
accompanied by a marked 86% decrease in the abundance
of POVPC, a 39% reduction of PGPC, and a 26% reduc-
tion of PEIPC. Inhibition of PAF-AH activity using Pefa-
bloc or MAFP attenuated the degradation of POVPC and
PGPC. However, incubation of HDL with Pefabloc did not
affect HDL’s ability to inhibit OxPAPC signaling, indicat-
ing that the degradation of POVPC and PGPC via PAF-AH
does not play a role in the HDL response (Fig. 6A). PEIPC
was only slightly reduced by incubation of OxPAPC with
HDL, suggesting that degradation of PEIPC plays a mini-
mal role in HDL protection. Five isomers of PEIPC are
produced from the oxidation of PAPC, and it is possible
that enzymes on HDL are active toward only some of these
molecules (55). In addition, other phospholipases carried
by HDL may play a more predominate role in attenuating
OxPAPC activity. Still, these data suggest that HDL catalyzes
the degradation of OxPAPC by PAF-AH in a phospholipid-
specific manner, but this degradation is not responsible
for HDL protection.

We also present evidence that direct interactions between
OxPAPC and HDL involving binding to cysteine residues are
not involved in mediating the HDL response. The major bio-
active component of OxPAPC in regulating transcription,
PEIPC, has been shown to bind cysteine residues of proteins
in HAEGCs, and this interaction is important in mediating the
effects of OXxPAPC on gene expression (42). Furthermore,
human apoAl as well as the apoAl mimetic 4-F peptide bind
OxPAPC with high affinity (40). However, irreversibly block-
ing cysteine residues on HDL with iodoacetamide did not
attenuate HDL’s effect on OxPAPC signaling in HAECs
(Fig. 6B). OxPAPC may form adducts with proteins on HDL
at nucleophilic residues other than cysteine as Szapacs and
colleagues (56) demonstrated using a biotin-sulfoxide ana-
logue of I-palmitoyl-2-linoleoylglycerylphosphatidylchole
(PLPBSO). More recently, a novel enrichment method was
used to demonstrate the covalent modification of oxidized
HDL by a variety of oxidized phospholipids primarily at lysine
and histidine residues (57). Assessing the role of these inter-
actions in mediating the HDL response warrants further in-
vestigation. Furthermore, while we have not delineated all
the mechanisms by which HDL inhibits the effects of Ox-
PAPC on HAEGs, we present evidence that this protection is
specific for oxidized phospholipids by showing that the



effects of EI, which regulates many of the same genes as
OxPAPC and PEIPC (28), are undiminished by cotreatment
with HDL. Additional research may identify other bioactive
constituents of OxPAPC, or products of OxPAPC degrada-
tion, which remain active toward HAECs in the presence of
HDL.

In summary, we have shown that HDL can block the
regulation of >50% of the 1,000 or more genes regulated
by OxPAPC in primary HAEGs, a cell type particularly rel-
evant to atherosclerosis development. In addition, we have
preliminary evidence that HDL also blocks the rapid effect
of OxPAPC on endothelial monolayer permeability. While
recent genetic studies and clinical trials cast doubt on
whether HDL cholesterol is causally associated with CAD
(24-26), our results support the view that in vitro a rela-
tively short exposure to HDL has atheroprotective effects,
which are likely mediated by multiple mechanisms acting
in concert. Cholesterol loading and apoAl are partially in-
volved in the protective effects of HDL; however, neither is
sufficient to explain it entirely. Our evidence suggests that
HDL interacts directly with OxPAPC to affect composition
and activity. We hypothesize that this interaction involves
oxidized phospholipids being degraded by phospholipases
carried by HDL, binding to nucleophilic residues on HDL,
and integrating into the phospholipid monolayer of HDL,
altogether reducing the activation of some but not other
OxPAPC signaling pathways. Taken together, our study
provides important insight into the complexity of the ef-
fects of HDL on endothelial cells and highlights the im-
portance of more systematic and global approaches to
understanding HDL function Bl
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