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Objective—Oxidized 1-palmitoyl-2-arachidonyl-sn-3-glycero-phosphorylcholine (oxPAPC) accumulates in atherosclerotic
lesions and in vitro studies suggest that it mediates chronic inflammatory response in endothelial cells (ECs). The goal
of our studies was to identify pathways mediating the induction of inflammatory genes by oxPAPC.
Methods and Results—Using expression arrays, quantitative polymerase chain reaction (PCR), and immunoblotting we
demonstrate that oxPAPC leads to endoplasmic reticulum stress and activation of the unfolded protein response (UPR)
in human aortic ECs. Immunohistochemistry analysis of human atherosclerotic lesions indicated that UPR is induced
in areas containing oxidized phospholipids. Using the UPR inducing agent tunicamycin and selective siRNA targeting
of the ATF4 and XBP1 branches of the UPR, we demonstrate that these transcription factors are essential mediators of
IL8, IL6, and MCP1 expression in human aortic ECs required for maximal inflammatory gene expression in the basal
state and after oxPAPC treatment. We also identify a novel oxPAPC-induced chemokine, the CXC motif ligand 3
(CXCL3), and show that its expression requires XBP1.
Conclusions—These data suggest that the UPR pathway is a general mediator of vascular inflammation and EC
dysfunction in atherosclerosis, and, likely, other inflammatory disorders. (Arterioscler Thromb Vasc Biol. 2006;26:
2490-2496.)
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T

he development of atherosclerosis is associated with the
production of pro-inflammatory cytokines and chemokines by endothelial cells (ECs), leading to monocyte recruitment and accumulation in the subendothelial space of arteries.1 Minimally oxidized low-density lipoprotein (MM-LDL),
and its primary bioactive component, oxidized 1-palmitoyl2-arachidonyl-sn-3-glycero-phosphorylcholine (oxPAPC),
have the ability to induce such inflammatory responses.2
Furthermore, oxPAPC accumulates in atherosclerotic lesions
and other sites of chronic inflammation.3 The significance of
oxPAPC is underscored by recent studies describing a significant association of oxidized phospholipids and the degree of
coronary atherosclerosis in human population.4
The inflammatory effects of MM-LDL and OxPAPC are
attributed in large part to the induction of chemokines such as
IL8, MCP1 and CXC motif ligand (CXCL) chemokines,5–7
crucial for recruitment and migration of monocytes to the
subendothelial space. MCP1, a member of the CC family of
chemokines, has been shown to play a crucial role in
monocyte transmigration,8 whereas IL8 and CXCL chemokines are known to mediate monocyte arrest to vascular
endothelium.9,10 Additional studies have shown that oxPAPC

induces the chemokine IL6, another important inflammatory
regulator.11
The mechanisms of oxPAPC-mediated EC activation are
complex and distinct from those induced by other inflammatory stimuli, such as bacterial lipopolysaccharide (LPS) or
tumor necrosis factor (TNF)-alpha. For example, LPS activates the nuclear factor kappa B (NFB) pathway, leading to
a rapid induction of chemokines and adhesion molecules.12
Induction of IL8 by oxPAPC, however, is independent of
NFB pathway and, in contrast to LPS, results in a much
more prolonged upregulation of IL8 expression.5 Previous
studies have identified the c-src/STAT3 pathway as a mediator of IL8 induction by oxPAPC.13 Recently, it has been
shown that oxPAPC, but not LPS, causes activation of the
sterol regulatory element-binding protein (SREBP) and endothelial nitric oxide synthase (eNOS), both of which mediate
induction of IL8.14,15 These pathways do not, however, fully
explain the induction of IL8 expression by oxPAPC. The
regulation of MCP1 expression and other oxPAPC-induced
chemokines has been less studied and appears to differ from
IL8.16 Because all of these chemokines are likely to participate in the unique monocyte-specific endothelial interactions,
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Figure 1. Expression array analysis of
genes regulated by oxPAPC. Cultured
HAECs were treated in triplicate with 0
(control), 10, 30, and 50 g/mL oxPAPC
for 4 hours. Isolated RNA from individual
samples was subjected to expression
array analysis using Affymetrix U133A
chips as described in Methods. Changes
in expression of inflammatory (A) and
UPR genes (B) passing the selection criteria (see Methods) were plotted relative
to control (set at 100%). Data represent
the mean of triplicate in each
condition⫾standard deviation. For full
names and accession numbers of plotted genes see supplemental Table I.
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we sought to gain a more comprehensive understanding of the
mechanisms by which OxPAPC regulates inflammation using
microarray analyses.
Our present studies demonstrate that oxPAPC treatment
causes endoplasmic reticulum (ER) stress, which results in
activation of the unfolded protein response (UPR) in human
aortic ECs. The UPR pathway is activated in cells under
stress conditions that compromise the processing and folding
of the proteins in the ER.17 Induction of the UPR has been
recently demonstrated in atherosclerotic lesions of apolipoprotein E knockout mice and in macrophages that accumulate excessive amounts of cholesterol, a hallmark of
atherosclerosis.18,19
We show, using selective siRNA-mediated targeting, that
the UPR transcription factors ATF4 and XBP1 are essential
mediators of several inflammatory genes implicated in atherosclerosis, including IL8, MCP1, IL6, and CXCL3. Our
findings directly link the UPR and endothelial inflammation,
and thus further highlight the potential importance of this
adaptive stress response in the pathophysiology of
atherosclerosis.

Materials and Methods
For detailed methods, please see the online Materials and Methods,
available at http://atvb.ahajournals.org

Enzyme-Linked Immunosorbent Assay
IL8 levels in HAEC supernatants were measured using an enzymelinked immunosorbent assay kit (Quantikine Immunoassay R&D
Systems) as described.5

Expression Array Analysis
HAECs (triplicate) were cultured for 4 hours in media containing 0,
10, 30, or 50 g/mL of OxPAPC and RNA expression profiles
analyzed using Affymetrix U133A arrays. To select differentially
expressed genes, we used cutoff criteria with P⬍0.05 (t test with
Benjamini and Hochberg correction for the false discovery rate),
absolute value fold change ⱖ1.5 and detection cell called present in
at least one of the compared groups (control versus oxPAPC;50
g/mL).

Immunohistochemical Analysis
Formalin-fixed, paraffin-embedded tissue sections of coronary arteries from explanted hearts were blocked and stained overnight with
ATF3, ATF4 antibody (1:50), or EO6 antibody (1:100), followed by
secondary antibody and color-developed using DAB kit (Vector
Laboratories).

Real-Time Quantitative PCR Analysis
Quantitative RT-PCR was performed using an ABI Prizm 7700
(Applied Biosystems) and SYBR Green detection (Sigma). Sequences of primers can be found in supplemental Table II.

Results

Reagents and Antibodies

Mapping the Genes Regulated by oxPAPC

For oxPAPC and antibody sources, please see supplementary online
Materials and Methods (available online at http://atvb.ahajournals.
org). The EO6 antibody was a kind gift from Dr Joseph Witztum
(UCSD). SiRNA duplexes were from Qiagen and PCR primers from
Invitrogen (supplemental Table II).

We performed initial experiments by examining in detail the
response of human aortic ECs (HAECs) after treatment with
oxPAPC. Cultured primary HAECs were treated in triplicate
with oxPAPC at concentrations of 0, 10, 30, or 50 g/mL for
4 hours and analyzed for gene expression changes using
Affymetrix expression arrays. We identified ⬎700 genes
differentially regulated by oxPAPC (50 g/mL). Some of
these genes, including inflammatory genes, such as IL8, IL6,
MCP1, and CXCL1 (also known as GRO1) chemokines, have
previously been shown to be regulated by oxPAPC, but the
majority represented novel oxPAPC targets (Figure 1). Consistent with our previous studies, we observed that a significant number of genes regulated by oxPAPC were SREBP
targets.14 These included LDLR, SQLE, INSIG1, HMGCS1,
FDFT1, IDI1, and CYP51 (supplemental Table I). Interest-

Cell Culture, Treatments, Transfections, and
siRNA Knock-Down Experiments
HAECs were isolated from aortic samples retrieved at the time of
organ harvest for cardiac transplantation and used at passages 4 to 7.
For siRNA experiments, cells were transfected with 5 nM siRNA
using HiPerFect transfection reagent (Qiagen) according to the
manufacturer’s protocol.

Nuclear Protein Extraction and Immunoblotting
Nuclear protein extracts and immunoblotting were performed using
standard procedures. When detecting ATF6 protein, proteosomal
inhibitors were added to media during the 4-hour treatment.
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Figure 2. OxPAPC activates the UPR
pathway in HAECs. HAECs were treated
in triplicate with oxPAPC (50 g/mL) for
up to 4 hours and the expression of UPR
genes (ATF4 and ATF3) was analyzed by
Q-PCR and immunoblotting (A, B). Phosphorylated form of eIF2␣ was measured
using specific antibody (see Methods)
and compared with total eIF2␣ protein in
HAEC whole cell lysates (C). Expression
of ATF6 was analyzed in cytosolic
(uncleaved 90kD form) and nuclear
(cleaved 50kD form) protein extracts of
HAECs by immunoblotting (D). E, Relative mRNA levels of total XBP1 (XBP1)
and its spliced form (sXBP1) were measured separately using selective primers
as described in Methods. Q-PCR results
are expressed as the mean differences
for the oxPAPC and control groups (set
at 100%) at each time point⫾1 standard
deviation. *Significantly different mean
expression value from control (P⬍0.01).

ingly, among the newly identified oxPAPC-regulated genes
was CXCL3 (also known as GRO3), a chemokine from the
same CXC family as IL8.

The UPR Pathway Is Induced by oxPAPC
The expression array analyses revealed that oxPAPC treatment induces a number of genes known to be regulated by the
UPR pathway. These included 2 key mediators of the UPR
signaling, ATF4 and XBP1, as well as several other known
UPR target genes, including ATF3, C/EBPB, DDIT3 (Chop),
HERPUD1, PPP1R15A, and the heat shock protein (Hsp) 40
family chaperones DNAJA1, DNAJB1,and DNAJB9 (Figure
1 and supplemental Table I).20 –22 The induction of ATF4 and
XBP1, together with upregulation of their target genes, was a
strong indication that oxPAPC induces the UPR pathway in
HAECs.
To confirm the expression array results, we incubated
HAECs with oxPAPC and measured changes in mRNA
levels of selected UPR genes by quantitative polymerase
chain reaction (Q-PCR). OxPAPC treatment induced the
mRNA levels of ATF4, ATF3, and XBP1 genes in a
time-dependent manner (Figure 2). In unstressed cells, the
degree of ATF4 mRNA translation is low, and this rapidly
changes during UPR activation as a result of phosphorylation
of the alpha subunit of eukaryotic initiation factor 2
(eIF2␣).21 We observed increased phosphorylation of eIF2␣
within the first hour of oxPAPC treatment accompanied by
induction in ATF4 protein levels (6-fold at 1 hour, 8-fold at

2 hours, and 5-fold at 4 hours) (Figure 2a and 2c). Not only
are the XBP1 transcript levels induced but also the mRNA
undergoes regulated splicing, resulting in formation of an
active and highly stable transcription factor. Using specific
primers,23 we selectively measured the level of the spliced
XBP1 mRNA (sXBP1), which increased with time after
exposure to oxPAPC (Figure 2e). In addition to ATF4 and
XBP1, the activation of ATF6 constitutes the third branch
mediating the UPR signaling.17 ATF6 is an ER-localized
90kD transmembrane protein, which undergoes regulated
proteolytic cleavage under conditions of ER stress, resulting
in liberation of an active 50-kD transcription factor. OxPAPC
treatment of HAECs resulted in proteolytic processing of
ATF6 as determined by reduced expression of the cytosolic
90-kD protein and increased expression of the nuclear 50-kD
form (Figure 2d).
OxPAPC is composed of several active phospholipids,
with 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycero3-phosphocholine (PEIPC) being the most active in terms
of its ability to induce inflammation, as well as IL8 and
HMOX1 expression (active at concentrations as low as 200
ng/mL).13,24 To determine whether PEIPC also activates
the UPR, HAECs were treated for 4 hours with PEIPC (200
ng/mL) and the expression of the UPR genes was measured
using Q-PCR. The PEIPC, but not unoxidized PAPC,
treatment led to a significant induction of ATF3 (⬎150fold), ATF4 (⬎2-fold), XBP1 (4-fold) (supplemental Figure I).
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OxPAPC is known to accumulate in atherosclerotic lesions at
concentrations 10-times higher (⬇400 g/g tissue) than those
needed to activate UPR in vitro in human ECs.25 ATF3 and
ATF4 were highly induced UPR targets by oxPAPC (Figure
2) and we used immunohistochemistry to examine their
expression in human atherosclerotic lesions. Strong positive
staining was found in endothelial cells in the inflammatory
areas of the lesion shoulder but not in the fibrous cap area of
the lesion (Figure 3a to 3c). Positive ATF3 and ATF4 staining
was also seen in lesion areas containing foam cells.
To localize oxidized phospholipids with respect to ATF3
and ATF4 in lesions, we used the well-characterized autoantibody EO6, which recognizes epitopes on oxPAPC created
by oxidizing PAPC at the sn2 position of the phospholipid
backbone.26 The EO6 antibody heavily stained inflamed areas
of the atherosclerotic plaque enriched in lipid deposits and
foam cells (Figure 3d and 3e). Whereas there was little
staining in endothelial cells, several areas in close proximity
to the endothelial layer stained positively (supplemental

Figure 3. Localization of UPR markers ATF3 and ATF4 with oxidized phospholipids in human atherosclerotic lesions. Paraffinembedded human coronary atherectomy tissue sections showing the shoulder region of the lesion area rich in inflammatory
cells and lipid deposits were stained with ATF3 (A), ATF4 (B), or
antibody against EO6 (D,E). A and B, ATF3 and ATF4 staining of
the endothelial cell layer (lower arrows) and staining of the area
rich in foam cells (upper arrows). Arrows in (D) and (E) indicate
positive EO6 staining in the areas containing foam cells. Panels
A, D, and B, E represent serial sections of the same lesion
shoulder area to illustrate the similarity of UPR marker and EO6
antibody staining. Very little staining with these antibodies was
observed near the area of noninflamed fibrous cap (C, F, and
ATF4 not shown). No staining was observed with irrelevant IgG
(not shown).
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Figure II). As judged from the staining pattern of the adjacent
serial sections, there was a significant overlap in distribution
and localization of EO6 and UPR markers. We observed no
EO6 staining of the fibrous cap areas of the same sections,
demonstrating that oxidized phospholipids are not present in
this region (Figure 3f). These findings suggest that the UPR
is induced in human atherosclerotic lesions, in the regions of
the vessel containing oxidized phospholipids, consistent with
our studies of isolated HAECs.

UPR Transcription Factors ATF4 and XBP1 Are
Mediators of Inflammatory Gene Expression
in HAECs
To determine whether the UPR contributes to the inflammatory gene expression in HAECs, we used an siRNA approach
and selectively disrupted 2 key UPR mediators activated by
oxPAPC, ATF4, and XBP1. HAECs lacking either of the 2
transcription factors were then treated with oxPAPC or a
well-known UPR activator, tunicamycin,23 and analyzed for
changes in expression of inflammatory genes induced by
oxPAPC, IL8, CXCL3, IL6, and MCP1.
Oligo-based siRNA targeting of ATF4 effectively reduced
endogenous ATF4 mRNA in untreated (71%), oxPAPCtreated (81%), and tunicamycin-treated (85%) cells (Figure
4a). The levels of ATF4 protein were also significantly
reduced (Figure 4a). ATF4 silencing resulted in a significant
decrease in IL8 mRNA levels in all treatment conditions
(control 64%, oxPAPC 48%, tunicamycin 75%) (Figure 4b).
The decrease in IL8 mRNA resulted in a corresponding
reduction in the amount of secreted IL8 protein (data not
shown). ATF4 inhibition had a similar inhibitory effect on
IL6 and MCP1 expression (Figure 4d and 4e). CXCL3
expression was significantly reduced only in tunicamycintreated cells (Figure 4c). With the exception of MCP1,
tunicamycin treatment alone was sufficient to significantly
induce mRNA expression of the studied inflammatory genes,
but not to a degree seen with the oxPAPC treatment.
Interestingly, although ATF4 siRNA had a significant impact
on the absolute level of IL8, IL6, and MCP1 expression in
oxPAPC-treated cells, the degree of inducibility of these
genes by oxPAPC was not affected.
These effects were then compared with HAECs transfected with XBP1 siRNA. OxPAPC and tunicamycin
treatment increased the ratio of spliced to unspliced
(uXBP1) form of XBP1 protein, as expected. The siRNA
targeting of XBP1 resulted in a significant decrease in total
and spliced mRNA (⬇90%), as well as the protein levels
(Figure 5a; supplemental Figure III). The disruption of
XBP1 had an even more striking effect, resulting in
significant inhibition of IL8, IL6, CXCL3, and MCP1
expression in untreated, oxPAPC-treated or tunicamycintreated cells (Figure 5b to 5e). Importantly, in cells treated
with oxPAPC, the disruption of XBP1 resulted in downregulation of the studied inflammatory genes to the degree
comparable to basal levels (untreated cells expressing
XBP1). Similar to ATF4, however, the XBP1 silencing did
not affect the fold induction in response to oxPAPC. The
siRNA targeting was not only potent but also selective
because we observed no significant downregulation of
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Figure 4. Effect of the ATF4 disruption
on inflammatory gene expression in
HAECs. HAECs were transfected with
siRNA directed against human ATF4 or
with control scrambled oligonucleotide.
Transfected cells were treated for 4
hours with medium only (control),
oxPAPC (50 g/mL), or tunicamycin (10
g/mL). mRNA expression levels of ATF4
(A), IL8 (B), CXCL3 (C), IL6 (D), and
MCP1 (E) were measured by Q-PCR.
The levels of ATF4 protein were measured in isolated nuclear extracts by immunoblotting (A). Q-PCR data were set
at 100% for untreated cells (control)
incubated with scrambled siRNA. Percentage values above bars indicate the
mean expression decrease in the ATF4
siRNA group vs control siRNA group for
each treatment⫾1 standard deviation.

other genes regulated by oxPAPC, such as LDLR and
HMOX1 (supplemental Figure III).

Discussion
We present evidence that exposure of HAECs to oxidized
phospholipids results in the induction of UPR and that 2 key
UPR mediators, ATF4 and XBP1, directly participate in
modulating inflammatory responses important in
atherosclerosis.
UPR signaling is vital for normal maintenance of the ER
homeostasis of cells as well as their response to stresses that
negatively affect ER function. Interestingly, previous studies
have shown that exposure of cells to oxidants can lead to ER
stress, and induction of UPR serves a protective role against
oxidative stress.27 Furthermore, UPR induction has also been
demonstrated in macrophages accumulating excessive
amounts of cholesterol and in endothelial cells treated with
peroxynitrite, both likely to be important factors in atherosclerotic disease development.19,28
The transcription factors ATF4, XBP1, and ATF6, are key
mediators of UPR signaling.17 Studies in cells lacking ATF4
have implicated it in regulation of amino acid metabolism
genes, glutathione biosynthesis, and resistance to oxidative
stress.27 XBP1 and ATF6, however, control regulation of
genes required for protein folding, maturation, and degrada-

tion in the ER.20,29 OxPAPC treatment increased ATF4
protein levels, induced XBP1 splicing, and resulted in cleavage of ATF6 in HAECs, indicating that all 3 branches of the
UPR were activated within the span of 4-hour treatment.
Prolonged ER stress can lead to cell toxicity and apoptosis.
It is important to note that oxPAPC at concentrations up to 50
g/mL did not affect cell viability.6 As judged by induction
of ATF4 and XBP1, the activation of UPR by oxPAPC was
significant, but considerably lower than that seen with tunicamycin (Figures 4 and 5). Moreover, we observed no
changes in caspase-3 activity, and the removal of oxPAPC
after 4 hours resulted in normal cell division without measurable cell toxicity (unpublished observations). Consistent
with this, we observed only very modest upregulation (2-fold)
of the pro-apoptotic mediator of UPR, DDIT3 (Chop), which
was highly induced by tunicamycin (30-fold) (supplemental
Figure III).19 Phosphorylation of eIF2␣ represents the early
stages of UPR activation, whereas induction of ER chaperone
GRP78 the later stage.29 OxPAPC failed to induce GRP78 in
HAECs within 4 hours of treatment, further indicating that
the UPR is likely to correspond to the early, nonapoptotic
stages. In addition, ATF4 or XBP1 gene silencing did not
result in increased susceptibility of HAECs to apoptotic cell
death or increased cell toxicity when treated with oxPAPC
(data not shown).
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Figure 5. Effect of the XBP1 disruption on
inflammatory gene expression in HAECs.
HAECs were transfected with siRNA directed
against human XBP1 or with control scrambled oligonucleotide. Transfected cells were
treated for 4 hours with medium only (control),
oxPAPC (50 g/mL) or tunicamycin (10
g/mL). mRNA expression levels of XBP1 (A),
IL8 (B), CXCL3 (C), IL6 (D), and MCP1 (E) were
measured by Q-PCR. The levels of unspliced
(uXBP1 ⬇33kD) and active spliced form of
XBP1 protein (sXBP1 ⬇54 kDa) were measured in isolated nuclear extracts by immunoblotting (A). Protein detected above the sXBP1
represents nonspecific band. Q-PCR data
were set at 100% for untreated cells (control)
incubated with scrambled siRNA. Percentage
values above bars indicate the mean expression decrease in the XBP1 siRNA group vs
control siRNA group for each treatment⫾1
standard deviation.

The mechanisms by which oxidized phospholipids induce
UPR are unclear. We considered the possibility that the UPR in
HAECs could be activated by mechanisms involving oxPAPCmediated cholesterol depletion, a scenario opposite to the UPR
induction by cholesterol loading in macrophages.14,19 Our data,
however, indicate that this is not the case, because in contrast to
SREBP activation (as judged by decrease in LDLR and INSIG1
expression), the UPR induction by oxPAPC was not prevented
by addition of excess cholesterol (supplemental Figure IV).
Recent data indicate that prostaglandin (PG) E2 receptor subtype
2 (EP2) is involved in oxPAPC-mediated activation of HAECs
to bind monocytes.30 However, in our preliminary studies, the
specific EP2 agonist butaprost failed to induce UPR in HAECs,
suggesting that UPR is activated by distinct mechanisms. OxPAPC leads to an increase in oxidative stress which may, at least
in part, explain the UPR induction.15,31
In our genetic studies of HAECs derived from separate
donors, we noticed significant correlations between inflammatory and UPR genes, including ATF4 and XBP1 (data not
shown). Present studies in primary HAECs deficient in these 2
key UPR transcription factors led to an important finding,
demonstrating that both ATF4 and XBP1 are necessary mediators of IL8, as well as IL6 and MCP1 expression. In contrast,

expression of CXCL3, was affected primarily by XBP1. An
unexpected finding of these studies was the observation that
ATF4 and XBP1 appear to be important for basal production of
the studied cytokines rather than their inducibility by oxPAPC.
However, alterations in the level of expression of ATF4 and
XBP1 are likely to be of importance in determining the overall
maximal level of inflammatory response in many conditions,
including OxPAPC-treated HAECs (Figures 4 and 5). Thus, our
data suggest that, at least in ECs, the mechanism controlling the
basal ER homeostasis appears to be tightly linked to regulation
of inflammatory gene transcription.
Interestingly, findings by Zhang et al indicate that UPR is
activated by LPS in hepatocytes, leading to induction of inflammatory acute phase response genes, via activation of liverspecific transcription factor CREBH.32 LPS-mediated or
oxPAPC-mediated inflammatory gene induction in HAECs is
not likely to involve CREBH, because its expression is restricted
to liver cells. In addition, LPS does not appear to activate UPR
in HAECs while potently inducing inflammatory gene expression (unpublished observations).
The relevance of the activation of UPR in HAECs by
oxPAPC is supported by our immunohistochemistry analysis of human atherosclerotic lesions. These studies indi-
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cated that ATF3 and ATF4 staining was restricted to
inflammatory areas of human atherosclerotic lesions containing oxidized phospholipids, with high-positive staining
of ECs and foam cells (Figure 3). High EO6 staining of
foam cells in lesion areas could be explained by the fact
that macrophages, but not ECs, routinely take up excessive
amounts of cholesterol and oxidized lipids, a hallmark of
atherosclerosis.26 Our findings are consistent with the
hypothesis that UPR is induced by oxidized phospholipids
in endothelial cells. However, besides the UPR, other
stress factors have been shown to affect ATF3 and ATF4
expression, which could also contribute to their observed
induction in atherosclerotic lesions.
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Supplemenatary Figure I
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Supplementary Figure I. Effect of PEIPC on UPR gene expression in HAEC. HAEC
were either left untreated (control) or treated with PEIPC (200 ng/ml) or PAPC (50
μg/ml) for 4 hours. Expression of the UPR genes ATF3, ATF4 and XBP1 was measured
by Q-PCR as described in Methods. Results are expressed as mean difference of PEIPC
or PAPC group and control group ± one standard deviation, with (*) indicating
significance at p<0.01.

Supplementary Figure II

Supplementary Figure II. Localization of oxidized phospholipids in human
atherosclerotic lesions. Paraffin-embedded human coronary atherectomy tissue sections
showing the shoulder region of the lesion area rich in inflammatory cells and lipid
deposits were stained with antibody against EO6 (see Methods). Although there was
little staining in endothelial cells, several areas in close proximity to the endothelial layer
stained positively (see arrow). No staining was observed with irrelevant IgG (not shown).

Supplementary Figure III
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Supplementary Figure III. Addendum to Figure 4 and 5.
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Supplementary Figure IV. Induction of the UPR by oxPAPC is not prevented by
addition of excess cholesterol. HAEC were either left untreated (control) or treated for 4
hours with oxPAPC (50 μg/ml) in the presence or absence of 4 μg/ml cholesterolcyclodextrin complex (chol). When present, cholesterol-cyclodextrin complex was also
added 1 hour before addition of oxPAPC (ox). Expression of selected UPR genes (Panel
A) and SREBP-regulated genes (Panel B) was measured by q-PCR. Individual
treatments were performed in triplicate and data presented as mean ±SD with (*)
indicating significance at p≤0.05 of “ox+chol” group from “ox” group.

Supplementary Table I. Selected groups of differentially expressed genes in HAECs
treated with oxPAPC (50 μg/ml).
GENES
Upregulated
Downregulated
GENE
CATEGORIES

Control vs OxPAPC (50ug/ml)
283
459

GENE NAME

ACCESSION
NUMBER

Fold
change

Inflammation
F3
IL8
IL6
CXCL3
CXCL1
CCL2
EGR1
PTGS2
DUSP1
IL7R
ADORA2A
TLR3

Tissue factor
Interleukin 8
Interleukin 6
Chemokine CXCL3/GRO3
Chemokine CXCL1/ GRO1
Chemokine CCL2/ MCP-1
Early growth response 1
Cyclooxygenase 2
Dual specificity phosphatase 1
Interleukin 7 receptor
Adenosine A2a receptor
Toll-like receptor 3

NM_001993.2
AF043337.1
NM_000600.1
NM_002090.1
NM_001511.1
S69738.1
NM_001964.1
NM_000963.1
AA530892
NM_002185.1
NM_000675
NM_003265.1

+11.0
+4.6
+1.7
+3.6
+1.9
+1.8
+2.4
+4.0
+4.8
+2.7
-1.9
-1.5

Redox balance
HMOX1
TXNRD1
HSPA1A
HSPA1B
GCLM

Heme oxygenase 1
Thioredoxin reductase 1
Heat shock 70kDa protein 1A
Heat shock 70kDa protein 1B
Glutamate-cysteine ligase, modifier subunit

NM_002133.1
NM_003330.1
NM_005345.3
NM_005346.2
NM_002061.1

+10.3
+1.9
+7.5
+4.2
+2.3

3-hydroxy-3-methylglutaryl-Coenzyme A synthase
1
Isopentenyl-diphosphate delta isomerase
Squalene epoxidase
Farnesyl-diphosphate farnesyltransferase 1
Stearoyl-CoA desaturase (delta-9-desaturase)
Sterol-C4-methyl oxidase-like
Phosphate cytidylyltransferase 1, choline, alpha
isoform
Cytochrome P450, 51 (lanosterol 14-alphademethylase)
Acetyl-Coenzyme A carboxylase alpha
Low density lipoprotein receptor
Very low density lipoprotein receptor
Scavenger receptor class B, member 1
Sterol regulatory element binding transcription
factor 2
Insulin induced gene 1
Niemann-Pick disease, type C1
ATP-binding cassette, sub-family A member 1

BG035985

+3.7

BC005247
AA639705
BC003573
AB032261
AV704962
NM_005017

+2.5
+2.2
+1.6
+1.7
+2.9
+1.5

NM_000786.1

+3.4

BE855983
AI861942
L22431.1
AV708130
NM_004599

-1.9
+6.8
+2.1
+2.8
+1.6

NM_005542.1
NM_000271.1
AF285167

+8.8
+2.7
-2.1

Lipid metabolism
HMGCS1
IDI1
SQLE
FDFT1
SCD
SC4MOL
PCYT1A
CYP51
ACACA
LDLR
VLDLR
SCARB1
SREBF2
INSIG1
NPC1
ABCA1

ABCG1
PCTP
SPTLC2
UPR (Signaling
and amino acid
metabolism)
ATF3
ATF4
XBP1
CEBPB
DDIT3
PPP1R15A
HERPUD1
HSP105B
DNAJA1
DNAJB1
DNAJB9
STC2
SQSTM1
ASNS
CTH
CARS
PSA
SLC1A4
SLC3A2
SLC7A1
SLC7A5
SLC7A11

ATP-binding cassette, sub-family G member 1
Phosphatidylcholine transfer protein
Serine palmitoyltransferase

NM_004915.2
NM_021213
NM_004863.1

-1.6
-4.4
-2.1

Activating transcription factor 3
Activating transcription factor 4
X-box binding protein 1
CCAAT/enhancer binding protein (C/EBP), beta
DNA-damage-inducible transcript 3 (CHOP)
Protein phosphatase 1, regulatory subunit 15A
(GADD34)
Homocysteine, ER stress-inducible-1
Heat shock 105kD
DnaJ (Hsp40) homolog, subfamily A, member 1
DnaJ (Hsp40) homolog, subfmaily B, member 1
DnaJ (Hsp40) homolog, subfamily B, member 9
Stanniocalcin 2
Sequestosome 1
Asparagine synthetase
Cystathionase (cystathionine gamma-lyase)
Cysteinyl-tRNA synthetase
Phosphoserine aminotransferase
Solute carrier family 1, member 4
Solute carrier family 3, member 2
Solute carrier family 7, member 1
Solute carrier family 7, member 5
Solute carrier family 7, member 11

NM_001674.1
NM_001675.1
NM_005080.1
AL564683
BC003637.1
NM_014330.2

+14.7
+2.0
+1.9
+5.2
+1.9
+3.2

AF217990.1
BG403660
NM_001539.1
NM_006145.1
NM_012328.1
AI435828
N30649
NM_001673.1
AL354872
AI769685
NM_021154.1
BG032165
NM_002394.1
AW452623
AB018009.1
NM_014331.1

+2.3
+2.0
+1.8
+3.0
+2.1
+3.6
+8.2
+4.2
+3.2
+1.9
+1.6
+2.3
+3.3
+2.0
+7.6
+2.6

Supplementary Table II. Primers and siRNA oligo sequences used in the study.

Primer
LDLR

Accession Number
(Reference)
NM_000527

Sequence(5'-3')

INSIG1

NM 198337

XBP1

NM 005080

ATF4

NM 001675

ATF3

NM 001674

IL8

NM 000584

CXCL3

NM 002090

sXBP1

Back et al. Methods (2005)
35:395-416

IL6

NM_005141

MCP1

NM_002982

HMOX1

Kadl A. et al. Vasul.
Pharmacol. (2002) 38:219-27

ATF4 siRNA

NM 001675

f: GAATGGTGTGGACATCTACTCGCT
r: CAGCCAACAAGTTGACATCGGAAC
f: GGACGACAGTTAGCTATGGGTGTT
r: GAGTCATTTGTACAGTCAGCCCGA
f: CCATGGATTCTGGCGGTATTGACT
r: CCACATTAGCTTGGCTCTCTGTCT
f: CATTCCTCGATTCCAGCAAAGCAC
r: TTCTCCAACATCCAATCTGTCCCG
f: TTGCAGAGCTAAGCAGTCGTGGTA
r: ATGGTTCTCTGCTGCTGGGATTCT
f: TCTCTTGGCAGCCTTCCTGATTTC
r: GTGTGGTCCACTCTCAATCACTCT
f: CCAAACCGAAGTCATAGCCACACT
r: ACTTCTCTCCTGTCAGTTGGTGCT
f: CCGCAGCAGGTGCAGG
r: GAGTCAATACCGCCAGAATCCA
f: TTCTCCACAAGCGCCTTCGGTCCA
r: AGGGCTGAGATGCCGTCGAGGATGTA
f: TGCTCATAGCAGCCACCTTCATTC
r: GACACTTGCTGCTGGTGATTCTTC
f: AAGATTGCCCAGAAAGCCCTGGAC
r: AACTGTCGCCACCAGAAAGCTGAG
CCA GAT CAT TCC TTT AGT TTA

XBP1 siRNA

NM 005080

CTG GAA GCC ATT AAT GAA CTA

NEG siRNA

Qiagen cat.#1022563

AAT TCT CCG AAC GTG TCA CGT-Alexa
488 conjugate

Supplementary Material and Methods
Reagents and Antibodies
PAPC was purchased from Avanti Polar Lipids. OxPAPC was prepared and analyzed by
mass spectrometry to confirm the lipid profile described previously (1). All cell culture
reagents and oxidized lipids were determined to have less than 2 pg/mL LPS as
determined by a kit from MA Biowhittaker (cat# 5064U). Antibodies used for
immunoblotting analyses were from the following sources: ATF4 (cat# sc-200), ATF3
(cat# sc-188), XBP-1 (cat# sc-7160), ATF6 (cat# sc-22799) (Santa Cruz Biotechnology)
and GAPDH monoclonal (#MAB374) from Chemicon. Anti-eIF2 (cat# 9722) and antiphospho-eIF2α (cat# 9721) were from Cell Signaling . Anti-caspase 3 polyclonal
antibody (cat# sc-1225) used to detect cleaved p20 and p17 subunits and the full length
precursor of caspase 3 were from Santa Cruz Biotechnology. The beta-actin antibody was
from Sigma (cat# A2066). The EO6 antibody was a kind gift from Dr. Joseph Witztum
(UCSD). Western blots were developed using ECL-Plus reagent (Amersham). siRNA
duplexes were from Qiagen and PCR primers from Invitrogen (Supplementary Table II).
Cell Culture, Treatments , Transfections and siRNA knock-down Experiments
Human aortic endothelial cells were isolated from aortic samples retrieved at the time of
organ harvest for cardiac transplantation essentially as described previously (2). In brief,
the aorta piece was exposed to 0.1% collagenase for 15 minutes, cells collected and
plated onto culture dishes coated with 0.1% gelatin (Sigma) in Medium 199 (Irvine
scientific) supplemented with 20% FBS (Hyclone, defined), 1mM sodium pyruvate,
90μg/ml heparin (Sigma) and 20μg/ml endothelial growth supplement (Fisher). When
cells were approximately 80% confluent they were briefly treated with trypsin/EDTA and

endothelial cells selected by removing any cells that did not attach after 3 minutes. The
attached cells were cultured and used at passages 4-7. At least 98% of the cells were Von
Willebrand factor positive by immunofluorescence. Cells were cultured in 35 mm dishes
except for protein analysis, where 10 cm dishes were used. For siRNA experiments, cells
were plated to 70 % confluency and transfected with 5nM siRNA in medium containing
10% FBS using HiPerFect transfection reagent (Qiagen) according to the manufacturers
protocol. After 16 hours, cells were re-fed with regular growth media and incubated for
additional 24 hours. For treatments with medium alone, PAPC or oxPAPC (10-50 μg/ml)
and tunicamycin (10μg/ml), the culture medium contained 1 % fetal bovine serum.
Nuclear Protein Extraction and Immunoblotting
Protein nuclear extracts were isolated using method described by Dignam et al (3).
Briefly, cells were washed with cold PBS and scraped to PBS containing protease
inhibitors and centrifuged at 1000rpm for 4 minutes at 4°C. The pellet was resuspended
in 150µl modified lysis buffer (10mM Hepes, pH 7.9, 1.5mM MgCl2, 10mM KCl,
0.5mM DTT, 0.1% NP-40, protease inhibitor cocktail and 2mM PMSF) and incubated on
ice for 10 min. The lysate was centrifuged at 12000rpm for 10 min at 4°C and
supernatant (cytosolic extract) collected. Nuclear pellet was resuspended in 75µl of
nuclear extraction buffer (20mM Hepes, pH 7.9, 25% v/v glycerol, 420mM NaCl, 1.5mM
MgCl2, 0.2mM EDTA pH 8.0, 0.5mM DTT, protease inhibitor cocktail and 2mM PMSF)
and incubated on ice for 15 min then centrifuged at 13000rpm for 10 min at 4°C. The
supernatant (nuclear extract) was aliquotted and stored at -80°C. Protein concentrations
were determined by Bio-Rad Dc Protein assay according to the manufacturer instructions.
Immunoblotting with antibodies against ATF3, ATF6, eIF2α, phosphorylated form of

eIF2α, ATF4, β-actin, XBP1 and GAPDH was performed using standard procedures. To
detect ATF6 protein, proteosomal inhibitors 0.1nM ALLN (Calbiochem cat# 208750)
and 10µM MG123 (Sigma cat# c-2211) were added during the 4 hour treatment. Isolated
protein (20μg) was separated on 4-12% PAGE and transferred to PVDF membrane. After
blocking using 5% dry milk, membranes were incubated in primary antibodies (1:1000
dilution) followed by appropriate secondary antibodies for 1hr at room temperature.
Chemiluminescence-based detection reagent ECL-Plus (Amersham) was used to detect
bound antibodies.
Enzyme-Linked Immunosorbent Assay
IL8 levels in HAEC supernatants were measured using an ELISA kit (Quantikine
Immunoassay R&D Systems) as described (4).
Expression Array Analysis
HAEC (triplicate 35 mm wells/condition) were cultured for 4 hours in media alone
(containing 1% FBS) or in media containing 10, 30, or 50 μg/ml of OxPAPC in the
presence of 1% FBS. Cells were lysed and total RNA was isolated using an RNAeasy kit
(Qiagen).

RNA from each sample was analyzed on an Agilent 2100 Bioanalyzer

(Agilent, Palo Alto, CA) to assess RNA integrity.

Double-stranded cDNAs were

synthesized from total RNA by reverse transcription and double strand conversion using
the cDNA Synthesis System (Invitrogen) according to the supplier’s instructions. Biotinlabeled cRNA was generated from the cDNA and used to probe Affymetrix Human
Genome U133A arrays. cRNA purification, probe labeling, hybridization, washing and
scanning were all performed according to the array manufacturer's recommendations
(Affymetrix). The Microarray Suite 5.0 software (Affymetrix) was used to analyze

image data obtained from scanning hybridized Affymetrix oligonucleotide arrays.
Default settings were used to make the absolute call for each measurement.

For

comparison purposes, the values derived from each RNA sample were normalized using
the slope of a control sample. The fold change was calculated from the ratio of the
average intensity of treated versus control. To select differentially expressed genes we
used expression array analysis software GeneSifter.Net (VizXlabs, Seattle WA) using
cutoff criteria with p<0.05 [Student t-test with Benjamini and Hochberg correction for the
false discovery rate (FDR)], absolute value fold change ≥ 1.5 and “QC” called present in
at least one of the compared groups [control vs oxPAPC (50 μg/ml)]. Gene expression
differences passing these criteria were expressed as the mean fold change between the
compared groups (Supplementary Table I).
Immunohistochemical analysis
Immunohisto-chemical analysis was performed on formalin-fixed, paraffin embedded
tissue sections of coronary arteries from explanted hearts. Nine different lesions were
examined. Tissue sections (4mm-thick) were deparaffinized in xylenes, rehydrated in
alcohol, washed with water and incubated in 0.01M citrate buffer (pH 6.0) for 25 minutes
in a steamer to unmask antigens. Following rinsing with water, sections were treated for
15 minutes with 3% H2O2 in methanol. Tissue sections were blocked with 10% normal
horse or goat serum for 30 minutes at room temperature and incubated overnight at 4°C
with ATF3 or ATF4 antibody diluted 1:50 with 3% goat serum. Secondary antibody
(goat anti rabbit IgG Biotin 1:200 from Vector Laboratories) was diluted in 3% goat
serum and incubated with sections for 40 minutes at room temperature. EO6 staining was
performed similarly, by incubating sections overnight at 4°C with 2ug/ml EO6 [mouse

anti human IgM (1:100)] in 3% horse serum followed by secondary mouse IgG biotin
1:200 (Vector Laboratories) for 40 minutes at room temperature. Non-specific IgG or
IgM were used as negative controls. All sections were incubated for 30 minutes at room
temperature with Avidin-HRP diluted 1/1000 in PBS (Vector laboratories A-2004),
washed and treated with Nickel DAB (DAB kit, Vector Laboratories) for color
development. Color development was followed under the microscope for 20 minutes. The
color reaction was stopped by rinsing with dH2O.
Real-time Quantitative PCR Analysis
In a typical experiment each treatment was done in triplicate. Total RNA was isolated
from triplicate wells using RNeasy isolation kit (Qiagen). One µg of total RNA was
reverse transcribed using random hexamers and Superscript-III reverse transcriptase
(Invitrogen). Quantitative RT-PCR was performed using an ABI Prizm 7700 Sequence
Detection System (Applied Biosystems) and SYBR Green detection (SYBR Green Taq
ready mix, Sigma). cDNA sequences for the analyzed genes were obtained from the gene
bank and primers were designed using the PrimerQuest software (IDT Technologies).
Sequences of primers can be found in Supplementary Table II. Primer sequences for the
housekeeping gene, β2 microglobulin (β2M) were as described previously (5). Primers
were designed for their product to span at least 2 exons, and have a melting temperature
of 60°C. They were verified using a BLAST search against the human genome database.
The PCR reaction consisted of a 2 min step at 94°C and 40 cycles of 94°C for 15 sec,
60°C for 1 min and 72°C for 1 min and ending with a slow heating step from 55°C to
95°C to generate the melting curve data. The correct sizes of the PCR products
(amplicons) were verified by agarose gel electrophoresis. Serial dilutions of the pooled

samples were used to construct the standard curve and determine the real-time PCR
efficiency for each primer pair using the ABI Prizm 7700 software. Each individual
sample cDNA was analyzed separately by obtaining the relative expression value from
the constructed standard curve and corrected for the β2M expression. The final data are
expressed as an average relative expression of the treatment group versus the control
group (set as 100%). In experiments where siRNA was used, percentages above the bars
indicate the percent reduction of mRNA expression in siRNA group versus the control
scrambled oligo group within each treatment.
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