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Oxidized phospholipids as triggers of inflammation

in atherosclerosis
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Chronic inflammatory diseases including atherosclerosis are major causes of morbidity and mortality
worldwide. However, the factors, which trigger processes that determine the outcome of an inflamma-
tory response, are still poorly understood. Accumulating evidence suggests that certain lipid oxidation
products, such as oxidized phospholipids (OxPL), may represent endogenously formed factors that
are capable of triggering vascular inflammation. This review will address important questions regar-
ding mechanisms involved in acute and chronic inflammation, and discuss the role of OxPL as key
players in triggering the inflammatory response in atherosclerosis. Better understanding of how OxPL
contribute to vascular inflammation should lead to new strategies in the treatment of chronic inflam-

matory disorders.
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1 Introduction

Atherosclerosis is a chronic inflammatory disease invol-
ving accumulation of lipids, lipoproteins, and mononuclear
cells (monocytes and T-cells) in the subendothelial space of
blood vessels [1]. Although our knowledge about the
mechanisms underlying atherosclerosis and its complica-
tions has dramatically increased, the question about the
initiating factors of atherogenesis remains unsolved. Accu-
mulating evidence suggests retention of low-density lipo-
protein (LDL) particles in the subendothelial space [2] with
subsequent oxidative modification as key steps in athero-
genesis. Recently, considerable advances have been made
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in dissecting the molecular components of oxidized LDL
responsible for its proatherogenic effect, allowing for the
experimental use of defined compounds rather than com-
plex lipoproteins.

Oxidative modification initially gives rise to minimally oxi-
dized LDL (MM-LDL) [3], the biological activity of which
primarily results from oxidation of phospholipids such as 1-
palmitoyl-2-arachidonoyl-sn-3-glycero-phosphorylcholine

(PAPC), yielding a series of structurally defined oxidation
products (OxPAPC) that accumulate in atherosclerotic
lesions [4, 5]. The atherogenic potential of OxPAPC has
been demonstrated in cell culture studies as shown by
enhanced monocyte binding to OxPAPC-stimulated
endothelial cells, concomitant with induction of MCP-1
and IL-8 [6]. However, signaling pathways involved in oxi-
dized phospholipid (OxPL)-induced specific monocyte
adhesion are not fully understood, and receptors for OxPL
have not been described. Moreover, static coculture systems
only incompletely model the complex cellular interactions
in the vessel wall and provide no information, e.g., as to
whether monocyte—endothelial interactions would occur
under flow. Moreover, inactivation of OxPL by protective
enzymes such as paraoxonase (PON) or platelet activating
factor acetyl-hydrolase (PAF-AH) may occur in vivo, limit-
ing the proinflammatory potential of these lipids. Although
OxPAPC has been shown to be biologically active in vivo
when applied intravenously in mice [7, 8], the hypothesis of
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OxPL as inducers of vascular inflammation in atherosclero-
sis remains elusive due to the lack of data obtained in ade-
quate animal models and it has been questioned if lipopro-
teins oxidized in vitro yield similar biological responses as
lipoproteins oxidized in the arterial wall. Recently, we have
shown that OxPL indeed can trigger vascular inflammation
using a model where oxidized lipids are topically applied to
a mouse carotid artery using Pluronic gel. This method
allows for investigating the direct action of lipid oxidation
products on the vascular wall mimicking accumulation of
OxPL during atherosclerosis [9]. Based on the results
obtained in this and previous studies, we hypothesize that
specific phospholipid oxidation products trigger vascular
inflammation and determine monocyte specificity charac-
teristic of atherosclerosis and other chronic inflammatory
diseases.

The purpose of this review is to discuss whether OxPL can
be considered triggers of vascular inflammation, if they
induce atherogenic chemokines or other inflammatory
genes in the arterial wall in vivo and whether this would
entail monocyte adhesion to the arterial endothelium.

2 Formation and structures of OxPL

Lipid oxidation is involved in the pathogenesis of various
diseases including atherosclerosis, diabetes, cancer, and
rheumatoid arthritis as well as in aging [10]. Oxidative
modification of lipids is mediated by free radical-induced
mechanisms involving enzymes such as NADPH oxidase
and myeloperoxidase (MPO) [11]. Thus, at sites of inflam-
mation, where cells generate an environment of high oxida-
tive stress, lipid oxidation products accumulate and exert a
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Figure 1. Structures of oxidized phospholipids and repre-
sentative mass spectrogramm.

variety of biological activities. Recent evidence suggests
that biologically active OxPL accumulate at sites of inflam-
mation, in atherogenic lipoproteins, atherosclerotic lesions,
and membrane vesicles released from activated and apopto-
tic cells. Thus, OxPL may play an essential role in various
settings of chronic and acute inflammation. Especially the
involvement of OxPL in the development of atherosclero-
sis, which is described as a chronic inflammatory disease, is
increasingly recognized.

Polyunsaturated fatty acids and especially arachidonic acid
(AA) are highly susceptible to lipid peroxidation, which
leads to the generation of lipid hydroperoxides, which can
undergo carbon—carbon bond cleavage giving rise to the
formation of short chain, unesterified aldehydes and alde-
hydes still esterified to the parent lipid, termed core-alde-
hydes [12]. Oxidation of PAPC yields oxygenated as well as
fragmented products, some of which were structurally iden-
tified as 1-palmitoyl-2-oxovaleroyl-sn-glycero-3-phosphor-
ylcholine (POVPC), 1-palmitoyl-2-glutaroyl-sn-glycero-3-
phosphorylcholine (PGPC) [4], and epoxyisoprostane-PC
(PEIPC) (Fig. 1). Meanwhile, the structures of several more
biologically active lipid oxidation products have been iden-
tified [13]. Extensive oxidation of PAPC results in the for-
mation of lysophosphatidylcholine.

3 Role of OxPL in atherogenic inflammation

3.1 OxPL induces specific monocyte adhesion

Atherosclerosis is a chronic inflammatory disease, charac-
terized by specific infiltration of monocytes and T-cells,
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while neutrophils are essentially absent in the fatty streak
lesion. Previously it was demonstrated that, if stimulated
with MM-LDL, endothelial cells are activated to specifi-
cally bind monocytes but not neutrophils [14]. This specifi-
city toward mononuclear cells was subsequently observed
with the activation of endothelial cells by OxPAPC [15],
implying OxPL as culprits in chronic inflammation. Like
MM-LDL, OxPAPC stimulated endothelial cells to specifi-
cally bind monocytes but not neutrophils. One biologically
active oxidized phospholipid in OxPAPC is POVPC, which
essentially mimicks the actions of MM-LDL and OxPAPC.
POVPC has also been found in atherosclerotic lesions of
animals and humans, and biologically active oxidized mem-
brane vesicles [4, 16].

It has been shown that apoptosis not only leads to predomi-
nant oxidation of the membrane phosphatidylserine (PS),
but also phosphatidylcholine (PC) and phosphatidyletha-
nolamine (PE) [17]. Notably, oxidation products from PS-
and PE-containing phospholipids contain homologous
functional groups that result in similar biological activities.
Thus, we could show that OxPAPE and OxPAPS also
induced monocyte adhesion to EC [18]. The presence of
oxidized PC on the surface of apoptotic cells has been
demonstrated using the mAb EO6, which exclusively binds
to oxidized PC [19]. It has been shown that EO6 can effec-
tively block the uptake of apoptotic cells by macrophages.
Thus, in addition to oxidized PS, the presence of oxidatively
modified PC is an important signal for phagocytosis. More-
over, we showed that apoptotic blebs stimulated endothelial
cells to bind monocytes but not neutrophils, whereas mem-
brane vesicles from activated endothelial cells failed to
induce monocyte binding. However, in vitro oxidation of
these membrane vesicles from activated endothelial cells
using fert-butyl-hydroperoxide rendered them biologically
active generating POVPC. Moreover, the ability of apopto-
tic blebs or oxidized vesicles to induce monocyte adhesion
was abolished by preincubation with the EO6 antibody
recognizing oxidized PC [16]. Recently, it was shown that
apoptotic blebs derived from T-cells also contain these
OxPL and thus induce monocyte—endothelial interactions
[20].

There are striking differences between cell activation by
other proinflammatory mediators such as IL-1, TNFaq, or
LPS and OxPL. These mediators activate the classical
NFxB pathway leading to an acute inflammatory response
by elevating the expression of adhesion molecules like E-
selectin, VCAM-1, or ICAM-1, resulting in adhesion of
monocytes as well as neutrophils. OxPAPC, however, sti-
mulates endothelial cells to specifically bind monocytes,
but not neutrophils, a hallmark of chronic inflammation.
Monocyte adhesion to endothelial cells stimulated by MM-
LDL or OxPAPC is not mediated by surface expression of
the adhesion molecules VCAM-1, ICAM-1, or E-selectin,
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but is due to deposition of CS-1-containing fibronectin on
the cell surface [21]. POVPC mimicked these actions.
PGPC and PEIPC, in contrast, induced endothelial surface
expression of VCAM-1 and E-selectin and significantly
increased both monocyte and neutrophil binding to
endothelial cells, but had no effect on CS-1 expression [22].
These data provide evidence for the fact that both POVPC
and PGPC are important regulators of leukocyte—endothe-
lial cell interactions. Overriding the effects of PGPC,
POVPC may play a dominant role in chronic inflammation
where monocyte adhesion becomes predominant. In addi-
tion, some OxPL inhibits neutrophil binding by inhibiting
E-selectin expression [18], pointing to a mechanism by
which neutrophils are excluded from the fatty streak lesion
[22]. The induction of monocyte binding and the inhibition
of neutrophil binding involve a cAMP-coupled pathway
[23]; however, the exact mechanisms of endothelial cell
activation leading to specific monocyte adhesion are not
known. There is evidence that LPS-induced NFxB-
mediated inflammation is down-regulated by OxPAPC
leading to the hypothesis that lipid oxidation products may
promote the shift from an acute inflammatory response to a
chronic state. However, in order to proof such a hypothesis,
we need to know more about the specific inflammatory
response that is elicited by oxidized lipids.

3.2 Signaling mechanisms induced by OxPL in
endothelial cells

Cole et al. [23] showed that in HAEC, activation of aV1
integrins by OxPAPC was dependent on cAMP and that
cAMP itself activated monocyte binding and B1 integrins
via R-Ras activation. Activation of B1 integrins by OxPAPC
was rapid and occurred within 10 min. However, maximal
monocyte adhesion was observed after 4 h and required
new protein synthesis. Others and we have demonstrated
that activation of the MAP-kinase signaling cascade was
involved in activation of endothelial cells by OxPL. Signal-
ing mechanisms activated by OxPAPC in endothelial cells
not only include elevation of cyclic AMP, rise in cytosolic
Ca?" levels, activation of PKA and PKC, and activation of
MAP-kinase cascades, but also induction of MAP-kinase
phosphatase 1 [24-26]. This results in activation of tran-
scription mediated by Egr-1 and NFAT, CREB, PPARa, and
PPARy. Recently, we [27] have shown that OxPAPC
induces the expression of HO-1 in HUVEC, involving
phosphorylation of CREB, which also was dependent on
MAP-kinase pathways. Others have shown that OxPL-
induced endothelial activation not only involves the c-src
pathway [28] and sterol-regulatory element binding protein
(SREBP) [29], but also induction of COX-2 expression via
mechanisms involving PPARY [30].
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3.3 OxPL does not activate the NFxB pathway

Inflammatory cytokines such as TNF-a or IL-1 induce
expression of inflammatory genes through activation of
NFxB-mediated transcription [31]. Important steps in this
process are phosphorylation and degradation of the inhibi-
tory IxBa subunit allowing translocation of active NFxB to
the nucleus. We demonstrated that OxPAPC does not induce
the NFxB signaling pathway in human umbilical vein
endothelial cells [25] and HAEC [32]. In order to address a
possible involvement of the NFxB pathway in endothelial
activation by OxPAPC, we used different approaches: first,
we demonstrated by Western blotting that OxPAPC, in con-
trast to TNF-a did not induce phosphorylation of IxBa.
Furthermore, OxPAPC did not activate IxBa degradation,
while TNF-a induced a rapid decrease in the levels of [xBa.
Second, OxPAPC did not induce binding of p65 to its consen-
sus DNA. Third, we have found that in contrast to LPS,
OxPAPC did not stimulate a luciferase reporter construct
bearing a 5xXNFxB-consensus site. Fourth, overexpression of
IxBa using adenovirus [33] had no influence on OxPAPC-
induced endothelial activation, but significantly inhibited
the effect of TNF-a. Altogether, these data demonstrate that
induction of inflammation by OxPAPC is independent of the
classical NFxB pathway in HUVEC[25].

3.4 Role of PKC and MAPK-dependent pathways
in OxPL-induced monocyte adhesion

We [24] have shown previously that treatment with
OxPAPC induced activation of both PKC and PKA. Recent
data from our laboratory show that inhibition of PKC or
PKA results in reduction of monocyte adhesion by OxPAPC
or POVPC. We [25] have also shown that OxPAPC caused
phosphorylation of ERK 1/2 within 20 min of stimulation
which, in contrast to transient TNF-induced ERK activa-
tion, was sustained for up to 8 h. Activation of ERK 1/2
requires phosphorylation by its upstream kinase MEK 1/2,
which can be activated by a PKC-dependent pathway. In
addition, we found that OxPAPC induced phosphorylation
of p38 MAP-kinase within 10 min of stimulation being sus-
tained for 40 min. Blocking MEK1/2 as well as p38 using
pharmacological inhibitors resulted in decreased OxPAPC-
induced monocyte binding to HUVEC. Taken together,
these data indicate that OxPL-induced activation of
HUVEC leading to monocyte adhesion is dependent on
protein kinase C/MEK/ERK, as well as p38-MAPK.
Although the JNK pathway was also shown to be activated
by OxPAPC [24], nothing is known about this pathway in
OxPL-induced monocyte adhesion.

3.5 Role of cPLA; and lipoxygenase (LOX) in
OxPL-induced monocyte adhesion

Among the targets that are directly phosphorylated and
thereby activated by ERK and p38 MAPK is cytosolic phos-
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pholipase A, (cPLA;) [34-36]. Thus, we asked whether
cPLA, was involved in monocyte adhesion induced by
OxPL. Pretreatment of HUVEC with the cPLA, inhibitor
arachidonyltrifluoromethyl-ketone (AACOCEF;) for 3 h sig-
nificantly reduced monocyte adhesion induced by both
OxPAPC and POVPC (Huber et al., unpublished observa-
tion). Moreover, treatment of HUVEC with OxPAPC
increased levels of free AA in a time-dependent manner.
The release of AA from phospholipids is the rate-limiting
step in the synthesis of bioactive eicosanoids [37]. We [38]
have shown previously that LOX inhibitors such as cinna-
moyl-3,4-dihydroxy-a-cyanocinnamate (CDC) or
5,8,11,14-eicosatetraynoic acid (ETYA) blocked monocyte
adhesion induced by OxPAPC. Metabolites generated by
12-LOX include 12(S)- and 12(R)-HETE. Treatment of
HAEC with 12(S)-HETE but not 12(R)-HETE was shown
to induce monocyte adhesion [39]. Accordingly, stimula-
tion of HUVEC with 12(S)-HETE resulted in increased
binding of monocytes in a concentration-dependent manner
(Huber et al., unpublished observation). These data indicate
that OxPL-induced monocyte adhesion to HUVEC requires
the release of AA by cPLA, and further modification by 12-
LOX to generate 12(S)-HETE.

3.6 Can OxPL trigger vascular inflammation?

A large body of data obtained in vitro indicates that oxi-
dized phospholipids can induce expression of cell adhesion
molecules and chemokines in cells of the vascular wall,
suggesting that lipid oxidation products can be regarded as
triggers of the inflammatory response in atherosclerosis.
Nevertheless, convincing proof of this concept in vivo is
still missing.

Recently, we studied effects of OxPL by topically applying
OxPAPC to murine carotid arteries using Pluronic gel as a
vehicle, thereby mimicking their accumulation in the vessel
wall during atherogenesis. The advantage of this model is
that it allows for local application of OxPL, thus avoiding
rapid uptake by liver and degradation of the substances by
serum enzymes, both of which are observed during the sys-
temic application of OxPL. Using this model we showed for
the first time direct effects of OxPL on a blood vessel in
vivo, clearly demonstrating that OxPAPC induced several
chemokines after local application in the carotid artery [9].
In addition, we investigated OxPL-induced monocyte adhe-
sion and rolling in ex vivo perfused carotid arteries [40]. We
could show that KC (keratinocyte-derived chemokine,
CXCL1), the murine chemokine related closest to human
IL-8, and P-selectin play important roles in OxPAPC-
induced monocyte adhesion and rolling to intact arteries

[9].
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3.6.1 Induction of chemokine expression by
OxPAPC in murine carotid arteries in vivo

Chemokines serve a vital role in supporting the inflamma-
tory response of the arterial wall leading to atherosclerotic
plaque formation [41]. In particular, genetic deletions of
MCP-1 or its receptor CCR2, as well as transplantation of
bone marrow deficient in the IL-8 receptor homolog
CXCR2 [42-44] have been shown to decrease monocyte
accumulation and lesion formation in mice susceptible to
atherosclerosis.

We investigated if OxPL induces expression of chemokines
and monocyte adhesion in intact murine arteries. To model
the accumulation of OxPL in the arterial wall, OXxPAPC was
topically applied to surgically exposed carotid arteries of
C57BL/6 mice using pluronic F-127 gel as vehicle. F-127
dissolves within several hours and releases trapped lipids,
allowing for topical exposure of arteries while minimizing
systemic effects [9]. We used this system to investigate dif-
ferential expression between LPS, OxPAPC, native PAPC,
and mock-treated arteries of a set of chemokines, including
MCP-1 and KC. Quantitative RT-PCR showed that treat-
ment of carotid arteries for 6 h with 50 pg OxPAPC in vivo
increased vascular expression of MCP-1 and KC, as com-
pared to mock-treated arteries. In addition, treatment of car-
otid arteries with OXPAPC induced MIP-1a and MIP-1§,
while RANTES, serum-derived factor-1 (SDF-1), and
eotaxin were not induced [9]. Other genes that were impli-
cated to play roles in atherosclerosis, such as EGR-1, tissue
factor, IL-6, VEGF, and HO-1 were also up-regulated.
Immunohistochemistry of carotid arteries treated for 24 h
with OXPAPC demonstrated homogenous chemokine distri-
bution throughout the vessel wall. Application of 50 pg
nonoxidized PAPC to carotid arteries did not influence gene
expression levels as compared to mock-treated arteries,
demonstrating that oxidative modification of phospholipids
was necessary to form proinflammatory agonists [9].

3.6.2 OxPAPC triggers monocyte rolling and
arrest in native murine arteries mediated by
P-selectin and KC

Chemokines support inflammation in atherogenesis by
rapidly activating mononuclear leukocytes, leading to
integrin-dependent cell arrest on inflamed endothelium, a
prerequisite for transmigration [45]. To investigate if
OxPAPC triggers rolling and firm adhesion of circulating
monocytes on arterial endothelium, we used isolated caro-
tid arteries from C57BL/6 mice. Arteries were perfused for
4 h with OxPAPC or native PAPC, and subsequently with
calcein-labeled monocytic Mono-Mac-6 (MMO6) cells [40].
Firm adhesion of MM6 cells was increased in OxPAPC-
treated carotid arteries at the region of the bifurcation,
whereas minimal adhesive interactions were observed in
arteries treated with native PAPC [9]. Among the chemo-
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kines found to be up-regulated by OxPAPC in the artery
wall, KC has been shown to play a dominant role in trigger-
ing monocyte arrest on early atherosclerotic endothelium in
ex vivo perfused carotid arteries of ApoEP" mice [40]. We
hypothesized that KC serves a similar function in OxPAPC-
stimulated arteries. Indeed, preperfusion of a blocking KC
antibody in OxPAPC-treated carotid arteries reduced MM6
cell arrest to levels seen in control arteries, indicating that
OxPAPC-induced monocyte arrest was critically dependent
on KC.

Functional blocking of P-selectin has been shown to abro-
gate monocyte rolling on atherosclerotic endothelium in
isolated murine carotid arteries [46]. We found that preper-
fusion with a blocking P-selectin antibody abolished MM6
cell rolling in OXPAPC-treated arteries, indicating a crucial
role for P-selectin in OxPAPC-triggered monocyte rolling.

Further analysis of chemokines that are induced by OxPL
will help to establish a chemokine pattern that is responsi-
ble for monocyte specificity during “lipid-induced vascular
inflammation.” Possible interventional strategies emerging
from such studies can also be tested for by applying Pluro-
nic gel containing pharmacological substances, antisense
oligonucleotides, or adenoviral vectors [47, 48] together
with oxidized lipids to mouse arteries. As clinical trials to
limit lipid oxidation in patients failed so far to beneficially
influence vascular disease [49], more insight into molecular
events triggered by oxidized lipids in the arterial wall might
yield a clearer understanding of the pathophysiologic role
of lipid oxidation in vascular disease as well as more pro-
mising targets for intervention.

4 Receptors involved in OxPL-induced
inflammation

4.1 Involvement of a putative GPCR

There are indications that POVPC may act by binding to a
membrane receptor (probably a G-protein coupled receptor
[50]). In support of this hypothesis we have shown that the
effects of POVPC and PEIPC can be blocked by PAF recep-
tor antagonists [S1]. It has been shown that OxPAPC also
increases the level of cAMP in endothelial cells [22, 52].
Moreover, many bioactive phospholipids like lyso-PC,
sphingosine-1-phosphate, and lysophosphatidic acid act via
G-protein coupled receptors. In addition, our findings sug-
gest that POVPC and PGPC act on different receptors,
based on the different effects of these molecules [22].

4.2 A possible role for toll-like receptors (TLRs) in
OxPL-induced inflammation

Although conflicting evidence exists about the role of bac-
teria in the development of cardiovascular disease, TLR4
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has been recently implicated in atherogenesis [53]. Differ-
ent studies demonstrated a protective role of a Asp299Gly-
TLR4 polymorphism which, in carriers, seemed to result in
an attenuation of atherosclerosis [54]. Endogenous TLR-
ligands [55] have been implicated in the development of
atherosclerosis. It is of note that the C3H/HelJ mouse strain,
which carries a point mutation in the TLR4 gene, is largely
resistant to atherosclerosis [56]. Interestingly endothelial
cells, isolated from C3H/Hel mice, show a reduced inflam-
matory response not only to lipopolysacharide (LPS), but
also to oxidized lipids.

TLRs are an evolutionary highly conserved family of pat-
tern recognition receptors (PRRs) that detect and bind
pathogen-associated molecular patterns (PAMPs) such as
LPS, peptidoglycans, lipoteichoic acid, or dsSRNA [57]. So
far, in mammals, 11 different TLRs have been identified,
which bind distinct ligands. TLRs comprise a family of
type I transmembrane receptors, which are characterized by
an extracellular leucine-rich repeat domain and an intracel-
lular Toll/IL-1 receptor (TIR) domain [58]. TLRs are
expressed on various cell types, most prominently on cells
involved in the regulation of inflammation and immunity
such as macrophages, dendritic cells (DCs), or endothelial
cells. Activation of TLRs is one initial event initiating host
defense, regulating critical steps of the innate immune
response, such as activation of endothelial cells and the fol-
lowing adhesion and transmigration of leukocytes. In addi-
tion TLRs trigger the maturation of DCs, which then even-
tually initiate an adaptive immune response [59].

LPS, a major component of the gram-negative bacterial cell
wall, is one of the most potent exogenous activators of the
innate and adaptive immune system. /n vivo, bacteria-
derived LPS is rapidly bound by the LPS binding protein
(LBP) and then transferred to CD14, a protein that exists
both in a soluble and in a GPI-anchored, membrane-bound,

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2005, 49, 1063—1071

IP-10 Figure 2. Major signaling pathways induced
MCP-1 by LPS via TLR4.

form. CD14 presents LPS to a complex consisting of TLR4
and MD2. Binding of LPS triggers homodimerization of
TLR4 and association of several adaptor proteins to its
intracellular TIR domain, a prerequisite for the activation
of downstream signaling pathways [60]. MyDS88 is one
major TLR adaptor protein and is utilized by all so far iden-
tified TLRs, as well as by the interleukin-1 receptor.
MyDS88 triggers association and activation of protein
kinases TRAK-1 and TRAK-4 (IL-1 receptor-associated
kinase), which initiate a rapid activation of the transcription
factor NFxB via activation of TRAF-6 (TNF-receptor-asso-
ciated factor), and consequently induction of NFxB-depen-
dent genes, such as TNF, E-selectin or interleukin 12 [61].
Studies [62, 63] in MyD88-deficient mice revealed the pre-
sence of a MyD88-independent pathway (Fig. 2), which is
initiated via the alternative TLR-adaptor proteins TRAM
and TRIF. TRIF facilitates activation of IRF3, a transcrip-
tion factor which triggers production of interferon-f (IFN-
B) (Fig. 2). Expression of IFN-B-inducible genes such as
IP-10, as well as up-regulation of costimulatory molecules
and MHC-complexes, are the consequence of this autocrine
activation loop. In addition, TLR4 activates several other
signaling pathways such as the MAP-kinase pathways,
INK, p38MAPK, and ERK 1/2. Different transcription fac-
tors including AP-1, Egr-1, or ATF-related transcription
factors such as CREB are subsequently involved in down-
stream transcriptional events [61].

It was demonstrated that “MyD88-dependent signaling”
may play an important role in atherosclerosis since MyD88
deficiency led to a reduction in plaque size and expression
of proinflammatory genes [64, 65]. Moreover, TLR4 defi-
ciency is associated with reduced atherosclerosis in apoE-
deficient mice [66]. In contrast to TLR4, the role of TLR2
receptors in atherosclerosis has not been extensively stud-
ied. CD36, which has been shown to be a receptor for OxPL
[67] may act in connection with TLR2 [68, 69].
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Figure 3. Signaling pathways induced by OxPL that lead to
specific monocyte adhesion.

Evidence that OXxPL resembles structural patterns that are
recognized by PRRs comes from our studies demonstrating
that OXPAPC inhibited LPS-induced inflammatory reac-
tions by interacting with accessory plasma proteins CD14
and LPS-binding protein (LBP), which present LPS to its
receptor TLR4 [70]. Others have shown that MM-LDL
binds to CD14 [71], and OxPL binds to C-reactive protein
[72]. Although the exact nature of a receptor for OxPAPC
remains elusive, TLR4 itself has been recently implicated
in OxPAPC-induced IL-8 synthesis [73] and macrophage
activation [71]. It is of note that, although the gene expres-
sion pattern induced by OxPAPC and LPS overlaps, there
are significant differences in terms of induced signaling
cascades and induced gene expression [74]. LPS rapidly
activates the transcription factor NFxB via the TLR-adaptor
protein MyDS88. In contrast to LPS, OXxPAPC does not acti-
vate NFxkB and does not induce genes like E-selectin or
TNEF, which are mainly NFxB-dependent. Genes induced
by LPS as well as OxPAPC include MCP-1, IL-8, IL-6, and
IP-10. Interestingly, TRIF is involved in the LPS-mediated
induction of genes like MCP-1 and IP-10. A key step in this
“MyD88-independent pathway” is the induction of IFN-f
(Fig. 3). It has been shown that in MyD88 null endothelial
cells monocyte adhesion induced by MM-LDL was signifi-
cantly inhibited [64], indicating a role for the MyD8&8-
dependent pathway in OxPL-induced monocyte adhesion.
Strong indications for an involvement of TLR4 in OxPL-
induced endothelial cell activation come from Judith Berli-
ner’s laboratory, showing that knocking down TLR4 using
an antisense approach reduced OxPAPC-induced IL-8
expression [73]. Recently, Miller et al. [75] have shown that
MM-LDL induced MIP-2 in mouse macrophages involving
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TLR4 and MyD88, while MCP-1 induction was indepen-
dent of MyD88.

5 Conclusions and outlook

It has been shown previously that OxPL present in oxidized
LDL and in atherosclerotic lesions specifically induce
monocyte—endothelial interactions, an initiating event in
the development of the atherosclerotic plaque. Activation
of MAP-kinases rather than activation of the classical NF-
kB pathway by oxidized lipids seems to mediate specific
monocyte adhesion and expression of inflammatory genes
in endothelial cells. Furthermore, stimulation of HUVEC
by OxPL to bind monocytes involves activation of cPLA,
and 12-LOX. The downstream effectors recruited by 12(S)-
HETE that ultimately lead to enhanced monocyte adhesion
might involve nuclear receptors that remain to be deter-
mined. Thus, multiple signaling pathways need to be acti-
vated for the induction of monocyte—endothelial interac-
tions by OxPL (Fig. 3). Very little is known about receptors
that mediate OxPL-induced effects. There are several indi-
cations that some of the OxPAPC components are recog-
nized by a putative GPCR and evidence is accumulating for
an involvement of TLRs (especially TLR4 and TLR2) in
OxPL-induced endothelial activation.

Identification of signaling pathways, receptors, and chemo-
kine expression patterns that are induced by OxPL and lead
to specific monocyte adhesion are currently investigated in
several laboratories. Results from these studies will provide
new insights into the mechanisms by which monocytes are
selectively recruited to chronically inflamed tissue. The
molecular dissection of the upstream and downstream com-
ponents of the vascular regulatory pathways induced by
OxPL leading to specific monocyte adhesion and structural
identification of individual biologically active lipids should
ultimately lead to the development of novel therapeutic
approaches against chronic inflammatory diseases. In addi-
tion, studies using mice deficient in TLR-signaling compo-
nents should demonstrate whether OxPL utilize this path-
way to induce vascular inflammation, and will help to iden-
tify individual components that can be regarded as culprits
in this process. Together, characterizing the signaling path-
ways that lead to the monocyte-specific response induced
by oxidized lipids as well as identifying genes and receptors
that are involved in this mechanism may lead to new strate-
gies of therapeutic intervention in the treatment of athero-
sclerosis and other chronic inflammatory diseases.
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