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Abstract

Oxidized low-density lipoprotein (OxLDL), which contains hundreds of different oxidized lipid
molecules, is a hallmark of hyperlipidemia and atherosclerosis. The same oxidized lipids found in
OxLDL are also formed in apoptotic cells, and are present in tissues as well as in the circulation
under pathological conditions. In many disease contexts, oxidized lipids constitute damage signals,
or patterns, that activate pattern-recognition receptors and significantly contribute to inflammation.
This article reviews recent discoveries and emerging trends in the field of oxidized lipids and
regulation of inflammation, focusing on oxidation products of polyunsaturated fatty acids
esterified into cholesteryl esters and phospholipids. The paper highlights context-dependent
activation and biased agonism of TLR4 and the NLRP3 inflammasome, among other signaling
pathways activated by oxidized lipids.
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Complexity of OxLDL

A PubMed search for oxidized low-density lipoprotein (OxLDL) yields between 6,000 —
9,000 papers, depending on spelling. These publications refer to OxLDL as a complex
lipoprotein consisting of roughly 600 molecules of unesterified (free) cholesterol (FC), 1600
cholesteryl esters (CE), 700 phospholipids (PL), 185 triglycerides (TG), and one molecule of
apolipoprotein B-100 (apoB). CE, PL and TG are all esters incorporating one, two or three
fatty acyl chains, respectively. Among the variety of saturated and non-saturated fatty acyls,
linoleic (LA), arachidonic (AA), and docosahexaenoic (DHA) acids are common
polyunsaturated fatty acyls (PUFA) in these esters.

Cholesterol and PUFA are susceptible to enzymatic and free radical oxidation, producing
numerous - on the scale of hundreds - oxidative products. Furthermore, OXCE and OxPL can
covalently modify apoB and other proteins; can be hydrolyzed by lipases to produce
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oxidized free fatty acids; and can decompose to produce highly reactive end products, like
malondialdehyde (MDA) or 4-hydroxy-2-nonenal (4-HNE), which in turn covalently modify
proteins and some phospholipids [1]. This partial list underscores the complex composition
of OXLDL.

Evidently, all of these products are unlikely to occur in one OXLDL particle simultaneously,
which would otherwise require a prolonged incubation of native LDL with ions of transition
metals, e.g., copper. Examples of a more “physiologic” models of OXLDL are made from
LDL in vitrowith cells overexpressing 15-lipoxygenase (15-L0O), incubated with
myeloperoxidase, hemoglobin, or free radical generators [2, 3]. The important fact is that
regardless of the /n vitro model, many of the oxidized lipid species found in OXLDL have
also been found in human blood, atherosclerotic lesions, inflamed lung, multiple sclerosis
brain, and rheumatoid joints - to mention only a few from the long list of pathological
conditions and associated tissues [4-7].

Part of the reason for this widespread occurrence of oxidized lipids and their covalent
adducts to proteins is that they arise not only in LDL (and HDL) as a consequence of an
oxidative insult, but also in cells, intracellularly and on the cell surface, both under
physiological conditions and particularly under stress and during apoptosis.

The DAMPs concept

Oxidized lipids and lipoproteins exert profound biological effects, both homeostatic and
adverse, depending on duration and tissue context. This is often explained as due to the
formation of damage-associated molecular patterns (DAMPS) arising from the oxidative
damage of lipids and lipoproteins [4, 8]. Host-derived DAMPs share common structural
motifs with microbial pathogen-associated molecular patterns (PAMPs) and/or activate the
same pattern-recognition receptors (PRRS) present on immune and vascular cells.

The phosphocholine (PC) epitope is one such example. PC is the most common headgroup
of PLs and is not recognized by any PRR in native LDL or on the surface of viable cells.
However, an exposed PC of OxPL, such as POVPC [1-palmitoyl-2-(5-oxovaleroyl)-sr+
glycero-3-phosphocholine], in OxLDL and on apoptotic cells is a major ligand that mediates
the binding of OXLDL to CD36 and scavenger receptor class B type | (SR-B1). CD36
recognizes the PC on both free POVPC and POVPC covalently linked to apoB, as does the
soluble PRR natural antibody E06/T15 [9-12]. These properties make host-derived PC in
OXxPL, but not in non-oxidized PL, a DAMP. The same PC group is an exposed moiety on
the cell wall polysaccharide of common infectious pathogens, including pneumococci,
which makes bacterial PC a PAMP. Immunizing La/r”~ mice with Streptococcus
pneumoniae raised E06/T15 titers and protected mice from diet-induced atherosclerosis, the
pathology in which OxPL plays a major role [13].

The concept of DAMPs and PAMPs activating the same PRRs implies that the end result of
this activation would be similar, if not the same. However, this is not always the case. In the
mechanisms described below, we will emphasize similarities, but also the differences and the
bias in PRR activation by DAMPs as compared to PAMPs. We will also describe both
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adverse and protective effects of oxidized lipids occurring in different tissue and
pathophysiological contexts (Fig. 1).

Biased activation of TLR4 by OxCE and OxPE vs. LPS in macrophages

Oxidized cholesteryl esters (OxCEs) have been identified as active components in the
OxLDL produced by LDL incubation with cells expressing 15-LO [14-16]. Unlike an
OxLDL oxidized with Cu2*, the 15-LO-modified, minimally oxidized LDL (mmLDL) does
not contain advanced lipid oxidation products and does not bind to CD36. In particular,
cholesteryl (9,11)-epidioxy-15-hydroperoxy-(52,13 £)-prostadienoate (abbreviated as BEP-
CE for the presence of bicyclic endoperoxide and hydroperoxide groups) in mmLDL is
produced by 15-LO oxidation of cholesteryl arachidonate. BEP-CE stimulate macrophages
to accumulate lipid via macropinocytosis and to express inflammatory cytokines, among
other effects [14-16]. BEP-CE and other OXCEs have been detected in human blood and
atherosclerotic lesions [16, 17]. mmLDL binds to CD14 [18], a receptor that recognizes
bacterial lipopolysaccharide (LPS) and presents it to toll-like receptor-4 (TLR4)/lymphocyte
antigen 96 (MD-2). Unlike wild type macrophages, 7/r4 mutant and 7/r4~~ primary
macrophages fail to produce inflammatory cytokines in response to mmLDL or OxCE [15,
16, 18]. OXCE also induces MD-2 recruitment to TLR4 and TLR4 dimerization [16].

In the TLR4/MD-2 heterodimer, MD-2 is an LPS-binding receptor, which provides a
hydrophobic pocket for five of the six saturated fatty acyl chains of LPS. The sixth fatty acyl
forms a hydrophobic interaction with the TLR4 of a different TLR4/MD-2 pair.
Furthermore, the phosphate groups of LPS contribute to the assembly of a TLR4/MD-2
tetramer by forming ionic interactions with a cluster of positively charged residues in TLR4
and MD-2 [19]. In this LPS-induced receptor complex, the intracellular toll/interleukin 1
receptor (TIR) homology domains of two molecules of TLR4 dimerize and recruit adaptor
molecules, which initiates signaling cascades, eventually resulting in robust inflammatory
responses [19]. The cholesterol molecule has congruent architecture to dock into the MD-2
binding pocket. Its hydrocarbon chain, together with the steroid, form an elongated
hydrophobic structure that may dock in the hydrophobic pocket of MD-2. In addition, a
hydroxyl group linked to the other side of the steroid may stabilize cholesterol at the
positively charged entrance to the pocket. Indeed, experimental evidence demonstrates that
MD-2 binds cholesterol, and in fact, MD-2 in human plasma and in mouse atherosclerotic
lesions are associated with unesterified cholesterol [20]. It is unlikely that unesterified
cholesterol binding to MD-2 activates TLR4. However, both LPS and, importantly, OxCE-
modified bovine serum albumin (BSA) compete with cholesterol for MD-2 binding [20]. It
is therefore plausible to suggest that the polyoxygenated fatty acyl chain in BEP-CE and/or
components of OXCE-protein conjugates provide additional interaction surfaces, which, in
combination with cholesterol anchoring in the MD-2 hydrophobic pocket, contribute to
OxCE-induced TLR4 dimerization, which was observed experimentally [16].

The MD-2 recognition and TLR4 signaling also mediate biological effects of oxidized
phosphatidylethanolamine (OxPE) [21]. The authors studied TLR4/MD-2 activation by
extracellular vesicles (EVs) secreted by 15-L.O expressing cells and identified a 15-LO
oxidation product of a rare PE, 1,2-diarachidonoyl-sr-glycero-3-phosphoethanolamine, as a
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molecule capable of TLR4 activation. Molecular modeling suggested that 15-H(p)ETE-PE
docks in the MD-2 binding pocket together with a resident fatty acid. The hydroxylated sr-2
chain, protruding from the MD-2 binding pocket, then interacts with the hydrophobic patch
of the TLR4 ectodomain [21]. In agreement, 15-H(p)ETE-PE stimulated TLR4-dependent
IL-6 and IL-4 secretion from macrophages.

Remarkably, despite the fact that both OXCE and OxPE bind to MD-2 and stimulate TLR4
dimerization, downstream TLR4 signaling induced by OxCE and OxPE differs from that
induced by LPS. Myeloid differentiation primary response 88 (MyD88) is a TLR4 adaptor
that mediates the majority of LPS effects at the plasma membrane and initiates a robust,
often excessive, NF-xB-dependent inflammatory cytokine response [22]. In contrast, spleen
tyrosine kinase (SYK) has been identified as a kinase, which is recruited to TLR4 and
mediates the majority of mmLDL- and OxCE-induced effects in macrophages. Those effects
were characterized by a modest AP-1 dependent cytokine production, but more profound
cytoskeletal responses, macropinocytosis-associated intracellular lipid accumulation, and
foam cell formation [15, 23, 24]. EV-associated OxPE, in addition to IL-6, induced secretion
of the anti-inflammatory IL-4 [21]. One can conclude that at low levels OXCE and OxPE
activation of TLR4 results in a more homeostatic response, in contrast to the acute and
excessive inflammatory response to LPS. However, under conditions of increased and
chronic production of OXCE and OXPE, such as in hyperlipidemia, low-grade but prolonged
response would result in chronic inflammation and promote atherosclerosis. In agreement,
the SYK inhibitor fostamatinib, administered at the beginning and during feeding La/r™~ or
Apoe™~ mice a high-cholesterol diet (HCD), reduced monocytosis, vascular inflammation
and atherosclerotic lesion size [25, 26]. However, fostamatinib, administered to Apoe™~
mice 8 weeks after the start of HCD feeding, failed to prevent progression of established
plaques [26]. In part, this could be explained by degradation of early oxidation products like
BEP-CE and diminished role of the TLR4/SYK pathway in advanced atherosclerotic
plaques.

In addition to the pattern-recognition character of TLR4, the differences between LPS-vs.
OxCE- or OxPE-mediated TLR4 responses attest to the TLR4 functional selectivity, often
termed “biased agonism”. This concept helps explain the instances when different ligands of
the same receptor preferentially activate one signaling pathway over the other, which infers
the multidimensionality of receptor signaling.

Inflammatory effects of OxPL in endothelial cells

The vascular endothelium not only serves as a permeable barrier, but also proactively
responds to many physiological and pathophysiological events in the circulation and the
vessel wall. Healthy endothelium exerts its functions through regulation of vascular tone and
anticoagulant/fibrinolytic effects. Endothelial cells (ECs) can also serve as sentinels that
sense PAMPs [27]. As introduced in the previous section, OXLDL can promote macrophage
lipid accumulation and foam cell formation. Ample evidence indicates that OxLDL also
plays a central role in endothelial dysfunction leading to atherosclerosis [28].
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Initially, OxPLs, present in OXLDL, were identified as strong endothelial activators [29].
POVPC, introduced in the earlier section, is only one of many products of oxidation of
PAPC [1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine], a common PL. Other
products include but not limited to PEIPC [1-palmitoyl-2-(5,6-epoxyisoprostanoyl)-sn-
glycero-3-phosphocholine], PGPC [1-palmitoyl-2-glutaryl-sr-glycero-3-phosphocholine],
and KOdiA-PC [1-palmitoyl-2-(5-keto-6-octene-dioyl)-srglycero-3-phosphocholine].
These and other OxPLs have been used individually or more often as a mixture of oxidized
PAPC (OxPAPC) in many /n vitro and in vivo studies. High levels of OxPL are found in
hyperlipidemic human plasma and in atherosclerotic lesions [17, 30, 31], suggesting the
involvement of OxPL in vascular impairment. Treatment of cultured ECs with OxPAPC
increases the expression of the CS-1 segment of fibronectin, MCP-1, and IL-8 [32, 33].
OXPAPC effects are mediated by a number of cell surface receptors, including CD36, SR-
B1, TLR2, EP2, PAF receptor and TMEM30a, but OXPAPC does not activate TLR4 [8, 28,
34-37]. Although CD36 is a major scavenger receptor for OXPAPC, CD36 is abundant in
macrophages but not in ECs, which suggests that signaling pathways elicited by OxPAPC
and the consequent gene expression profile in ECs may be distinct from those in
macrophages. This was addressed in a study in which primary ECs obtained from 149
individuals were activated by OxPAPC [38]. Among other findings, this work has
demonstrated that individual variations in heme oxygenase-1 (HO-1) expression largely
determined the architecture of signaling networks activated by OxPAPC. Inflammatory
effects of OXPAPC in ECs are counteracted by NOTCH1, which itself is suppressed by
circulating OxPL [39]. In addition to ligand/receptor binding, OXPAPC also affects EC
membrane stiffness by depleting membrane cholesterol [40].

The inflammasome is a major component of innate immunity originally defined in
macrophages [41, 42]. Acting as PAMPs and DAMPs, multiple infectious pathogens and
molecules arising under the conditions of sterile inflammation induce the NLRP3
inflammasome. Upon activation, there is subsequent cleavage and activation of caspase-1
and release of IL-1B/IL-18 by monocytes/macrophages [43, 44]. A prevalent hypothesis of
inflammasome induction involves a two-step mechanism. In macrophages, Signal 1 involves
the TLR/NF-xB-regulated transcriptional upregulation of NLRP3 and pro-IL-1p/pro-1L-18.
Signal 2 stimuli, including exogenous ATP, K* efflux, and ROS, induce the assembly of the
inflammasome and hence the activation of caspase-1 for the proteolytic cleavage of pro-
IL-1B/pro-1L-18 [43, 44]. The NLRP3 inflammasome induction is implicated in
atherosclerosis. La/r”~ mice receiving bone-marrow-derived monocytes/macrophages
lacking the core component proteins of inflammasome (i.e., NLRP3, ASC, or IL-1p) are
resistant to atherosclerosis [44]. The uptake of OXxLDL by CD36 induces NLRP3
inflammasome in macrophages, which is impaired in Apoe™~ Cd36™~ mice. These mice
also exhibited less atherosclerosis [45]. Although information on NLRP3 inflammasome in
ECs is scant, recent studies reveal that pro-inflammatory conditions with elevated oxidative
stress can also elicit the inflammasome-related innate immune response in ECs (Fig. 2).
Mechanical stimuli, such as disturbed flow, induce the NLRP3 inflammasome in cultured
ECs [46]. /n vivo, NLRP3 inflammasome is induced in the intima of the aortic arch, an area
of disturbed blood flow-induced elevated oxidative burden, in C57BL/6 mice. It appears that
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angiotensin 11, OXxLDL and OxPAPC all induce NLRP3 inflammasome in ECs, which
largely depends on the increased oxidative stress [47, 48].

Sterol regulatory element binding protein 2 (SREBP2) plays a canonical role in cholesterol
homeostasis through its transcriptional regulation of genes involved in cholesterol
biosynthesis and LDL uptake [49]. Similar to the NLRP3 inflammasome, various oxidative
insults including OXPAPC activate SREBP2 in ECs [46]. Functioning as a transcription
factor, the cleaved form of SREBP2, namely the N-terminus of SREBP2 [SREBP2(N)],
transactivates NLRP3 and NOX2 genes. With respect to the two-step mechanism of NLRP3
inflammasome activation, SREBP2 transactivation of NLRP3 and NOX2 with the ensuing
increased ROS could be viewed as respective Signals 1 and 2 in ECs. The hierarchical role
of SREBP2 in inducing the inflammasome in the endothelium in relation to atherosclerosis
is demonstrated in Apoe™~ mice with EC-specific overexpression of SREBP2(N), which
have augmented atherosclerosis when compared to control Apoe™~ mice [47]. Consistently,
aberrant levels of cleaved SREBP and associated increase in expression of NLRP3, ASC,
and IL-1p are evident in the aorta of diabetic and atherosclerotic pigs [50].

Protective and adaptive effects of OxPL

These convincing results from various laboratories showing pro-inflammatory effects of
OxPL uncover only one layer in OXPL-mediated biological functions. In the context of
inflammasome, a recent study has demonstrated an immunoregulatory effect of OXPAPC
[36]. Using dendritic cells as a model system, this work showed that OXPAPC and LPS bind
to distinct domains of caspase-11, which results in different and synergistic inflammasome-
dependent activities. While both OXPAPC and LPS induce the caspase-11-dependent IL-1f
release, only LPS induces pyroptosis. The authors hypothesized that OXPAPC primes
inflammasome activation to hyper-activate dendritic cells and increase T cell activation,
resulting in enhanced antimicrobial protection. OXPAPC primed only dendritic cells but not
macrophages [36]. This study is a good example of the innate immune system adaptation to
decode the complexity of PAMP and DAMP signals and to respond selectively to microbial
and sterile inflammatory stimuli [51]. In an interesting turn, NF-xB (which is not activated
by OXPAPC [37, 52]) has been shown to restrict inflammasome activation via p62/
SQSTM1-dependent autophagy of damaged mitochondria, thereby limiting the ROS for
Signal 2 of NLRP3 inflammasome activation [53]. This new mechanism suggests that NF-
xB is not only a strong positive regulator of inflammation, but also orchestrates a self-
limiting host response to allow for resolution of inflammation and tissue repair. Thus, among
many factors, OXPAPC plays a prominent role in temporal and tissue-specific, context-
dependent regulation of NLRP3 inflammasome, leading to complex outcomes in vascular
inflammation.

There is also compelling evidence that OXPAPC inhibits the interaction of LPS with
lipopolysaccharide binding protein (LBP), CD14 and MD-2 [37, 54] and thereby prevents
TLR4-mediated inflammatory signaling and expression of inflammatory cytokines. In LPS-
injected mice, the co-administration of OXPAPC inhibited inflammation and protected mice
from lethal endotoxin shock [37, 55]. Individual components of OXPAPC and other OxPLs
have the anti-endotoxin activity at concentrations close to those found in blood, as measured
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by HPLC/MS. In contrast, pro-inflammatory effects of OxPLs required concentrations
exceeding the physiologic range in the circulation [55, 56] but likely present under the
conditions of hyperlipidemia and in the environment of atherosclerotic lesions.

The anti-inflammatory effects of OxPLs are regulated in part by the transcription factor
nuclear factor (erythroid-derived 2)-like 2 (Nrf2), which is a well-recognized target of
OXPAPC. Components of OXPAPC induce a covalent modification of cysteine residues in
Keap-1, which disrupts the Keap-1-Nrf2 interaction [57]. As a result, Nrf2 avoids Keap-1-
dependent degradation, translocates to the nucleus and activates expression of genes whose
promoters contain the antioxidant response element. These genes, including HO-1, NQO1,
GCL and glutathione-S-transferases, promote a protective, antioxidant response [58]. This
response to OXPAPC has been documented both /n vitroand in vivo [59-61]. Some
cyclopentenone and isoprostaine OXPAPC components, which activate Nrf2, mimic
structurally related pro-resolving eicosanoids and exert robust anti-inflammatory activity
[62, 63]. OXPAPC is among a limited number of biological molecules that are capable of
protecting the integrity of the endothelial barrier in the inflamed lung [64, 65]. Tellingly,
synthetic OxPL analogs, Lecinoxoids, reduced atherosclerosis and inhibited nonalcoholic
steatohepatitis and liver fibrosis without affecting steatosis in mouse models [66—68].

It is well documented that phagocytosis of apoptotic cells, often called efferocytosis, does
not lead to an inflammatory response and maintains immunologic self-tolerance. An
interesting work [69] has identified OXPE generated by 12/15-L O as a key factor in this
process. Unlike bone marrow-derived macrophages, resident macrophages derived from the
yolk sac express high levels of 12/15-L.O. OXPE on the surface of resident macrophages
sequester soluble receptors for apoptotic cells, such as milk fat globule-EGF 8 protein
(MFGESB), thus preventing uptake of apoptotic cells by inflammatory monocytes. Alox157~
(gene encoding 12/15-LO) mice have enhanced uptake of apoptotic cells by inflammatory
monocytes and activation of T cells specific for apoptotic cell-derived self-antigens, thus
disrupting self-tolerance and resulting in a lupus-like autoimmune disease.

Thus, compelling data (only partially summarized in this section because of space
limitations) suggest that at physiologic concentrations, OxPLs restrict excessive
inflammation and/or provide protection against acute oxidative stress, microbial infection or
similar insults, as well as mediate fundamental homeostatic functions.

Inflammatory effects of lipid oxidation end products

So far, we described biological effects of esterified PUFA oxidative products, OxPL and
OxCE, which exert either adverse or protective effects depending on the pathology and
tissue context, as well as engage in biased activation of innate immune receptors. Noticeably,
in addition to oxidized fatty acyls, oxysterols play important roles in macrophage and EC
biology [70, 71] (Box 1). As the esterified oxidized PUFA decompose to produce so-called
oxidation end products, namely, short carbon chain aldehydes and ketones, they become
uniformly proinflammatory. Even the end products derived from the dietician’s favorite, w-3
fatty acid DHA, possess strong inflammatory properties. Yet, depending on the tissue and
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the tissue damage context, these inflammatory effects may have either adverse or beneficial
consequences [72].

Box 1
Oxysterols and inflammation

Free cholesterol can be oxidized via enzymatic reactions, catalyzed by cytochrome P450
family enzymes, and by ROS. Oxysterols, found both intracellularly and in OXLDL,
induce a large number of profound cellular responses. For example, 7-ketocholesterol, a
product of ROS-mediated cholesterol oxidation in OXLDL, regulates endothelial
biomechanics and induces expression of inflammatory genes [70, 71]; enzymatically
produced 25-hydroxycholesterol (25-OHC), among other oxysterols, activates the anti-
inflammatory liver X receptor and other nuclear receptors and regulates function of
insulin-induced gene 1. As is the case with oxidized PUFA products, oxysterols mediate
both pro- and anti- inflammatory responses. For instance, depending on the cell type
and/or a specific microbial agonist of TLRs, 25-OHC promotes or inhibits cellular
inflammatory responses [71].

MDA and 4-HNE are classic examples of PUFA oxidation end products, which are highly
reactive and capable of covalent modification of proteins and lipids. As recently reviewed
[73], MDA and its derivatives are proinflammatory and are involved in the pathogenesis of
age-related macular degeneration (AMD), atherosclerosis, lung inflammation and liver
fibrosis, among other pathologies. MDA gives rise to more complex lipid motifs, such as a
highly reactive and immunogenic 4-methyl-1,4-dihydropyridine-3,5-dicarbaldehyde, also
termed malondialdehyde-acetaldehyde (MAA). As oxidation-produced DAMPs, MDA
epitopes are recognized by multiple arcs of innate immunity, including the scavenger
receptor SR-A1, the Fcy receptor CD16, complement factors H and C3a, stabilin-1, and a
number of natural antibodies [73-77]. Immunization of mice with MAA-modified LDL was
atheroprotective [78]. Thus, the balance of inflammatory responses to MDA epitopes and the
pathways that block MDA or clear it from tissues and the circulation contribute to the
progression and outcomes of many chronic pathophysiological conditions.

Oxidation of DHA esterified into a glycerophosphocholine specifically produces 4-
hydroxy-7-oxohept-5-enoic acid (HOHA). In turn, HOHA reacts with protein e-amino
groups or with a primary amino group of PE and produces 2-(w-carboxyethyl)pyrrole (CEP)
[79, 80]. CEP-madified proteins have been detected in the retina of patients with AMD [79],
during wound healing and in vascularized tumors [81], in atherosclerotic lesions and in
hyperlipidemic plasma [82]. TLR2 has been identified as a receptor on endothelial cells that
recognizes the CEP modification and mediates cellular activation [81]. The CEP-activated
TLR2 in EC signals through MyD88 [81], and in macrophages CEP induces polarization
into an M1-like, inflammatory phenotype inducing the expression of iNOS, IL-18, TNFa
and IL-12 [83]. CEP adducts activate platelets to induce granule secretion and aggregation,
and /n vivo thrombosis, with CEP-proteins signaling via TLR9 and CEP-PE conjugates via
TLR2 [84]. The CEP-protein/TLR9/MyD88/IRAK1 pathway primarily results in PI3K/
AKT2 and SRC activation, whereas the CEP-PE/TLR2/MyD88/IRAK4 pathway involves
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TRAF6, SFKs, SYK, and PLC+y2, which leads to activation of platelet integrins [80, 84].
Importantly, macrophages regulate tissue levels of CEP via a TLR2/CD36 clearance
mechanism [82].

Similar to OXCE and OxPL biological effects, CEP modifications of proteins and PE
contribute to both pathological mechanisms in AMD, sickle cell anemia, excessive platelet
aggregation and atherosclerosis [79, 80, 83-85], and to protective processes such as wound
healing [81]. Thus, the tissue and pathology context as well as the balance between the
mechanisms producing or clearing CEP determine its role in disease progression. These
findings, related to CEP biology, highlight the complexity of underlying processes and the
importance of considering all factors contributing to specific pathology.

Concluding remarks and future perspectives

The DAMPs concept helped interpret many experimental observations of proinflammatory
and atherogenic effects of oxidized lipids and lipoproteins. However, a growing body of
evidence suggests that the biology of oxidized lipids is more complex than merely
mimicking inflammatory effects of PAMPs. Covalent modifications of proteins and lipids by
reactive oxidized lipids, competition with PAMPs for receptor binding, biased agonism of
receptor activation, many anti-inflammatory, adaptive and protective effects of oxidized
lipids, in addition to their proinflammatory effects, would depend on specific pathology and
tissue milieu. Noticeably, many of the effects reviewed herein have both beneficial and
adverse effects. On one hand, the increased expression of proinflammatory cytokines in
response to OxPL could represent a physiological trigger of sterile inflammation for tissue
repair. If OXPL-induced inflammation is sustained and not resolved, the oxidized lipids and
end products then become adverse. One translational implication of the sustained exposure
to OXPL is exemplified by a recent study showing that subjects with elevated Lp(a), the
prominent carrier of OxPL in plasma, have increased arterial inflammation and enhanced
peripheral blood mononuclear cells trafficking to the arterial wall [86].

In summary, the multifaceted events all point to nuanced and context-dependent responses to
oxidized lipids, which necessitate a new, big data-driven framework for understanding
oxidized lipid biology. In the Outstanding Questions box, we outline several possible
directions of future work, which will address unresolved mechanistic questions and help
understand contributions of oxidized lipids to the pathogenesis of human disease.

Outstanding Questions

. Reactive oxidized lipids covalently modify proteins and
other lipids. Does this occur at random or is there
selectivity? For example, considering cholesterol binds
to MD-2, do OxCE isoketals preferentially modify
MD-2 and/or TLR4? Does HOHA target specific
proteins to form CEP adducts?

. Oxidized lipids exert both pro- and anti-inflammatory
effects on endothelial cells. How does this affect
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endothelial biology in the hyperlipidemic milieu? Does
this support the “response-to-injury” hypothesis of
atherosclerosis?

. Are mechanisms and functional consequences of
inflammasome induction in macrophages different from
those in endothelial cells? Do macrophage and
endothelial responses synergize or counter each other
and how does this affect the vessel wall as a whole?

. Can oxidized lipid- and lipoprotein-regulated gene
expression in vascular system in relation to
atherosclerosis be studied by big data approaches (e.g.,
lipidomics, genomics, epigenetics, proteomics)? In
return, will data from these system level experiments
provide non-biased, global, and comprehensive
information on vascular biology in health and disease?
Will this advance precision medicine based treatment of
cardiovascular diseases?
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GLOSSARY

Biased agonism
also known as “functional selectivity” referring to the binding of different ligands to the
same receptor but activating distinct signaling pathways

Damage-associated molecular patterns (DAMPS)

The term was introduced by analogy to PAMPs and it refers to host-derived biomolecules,
which upon modification, often oxidation, become agonists to the same pattern-recognition
receptors that are activated by PAMPs

Inflammasome

a key component of the innate immune system. Induced and activated by PAMPs and
DAMPs, the inflammasome component proteins NLRP3, ASC, and pro-caspase-1 form a
high-order complex, leading to the sequential cleavage/activation of caspase-1 and IL-1f

Oxidized cholesteryl ester (OxCE)

often created by oxidation of cholesteryl arachidonate with 15-lipoxygenase or a free radical
generator. For the purpose of this article, OXCE refers to CE molecules with an oxidized
PUFA acyl chain, but not oxidized cholesterol
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Oxidized low-density lipoprotein (OxLDL)

An in vitromodel of OXLDL is often achieved by incubating native LDL with Cu2*. This
robust free radical oxidation reaction yields many OxPL, OxCE, oxysterol, and end
oxidation products. Other methods to oxidize LDL can produce a more limited set of
oxidation products. The presence of many of the same oxidized lipid species, as generated in
OxLDL, in human plasma and atherosclerotic lesions supports the importance of the OXLDL
model

Oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (OxPAPC)
often created by exposure of PAPC to air, is a common model of oxidized phospholipids,
consisting of tens of oxidative products, some of which are described in this review

Pathogen-associated molecular patterns (PAMPs)

The concept of PAMPs helps explain how structurally different molecules of different
pathogens activate the same pattern-recognition receptors of the innate immunity, such as
toll-like and scavenger receptors

Sterol regulatory element-binding protein 2 (SREBP2)

is a transcription factor governing cholesterol homeostasis by transactivating genes that
regulate cholesterol biosynthesis and lipoprotein uptake. Additionally, SREBP2 is involved
in innate immune response by activating genes involved in inflammatory response, including
NLRP3
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Trends

Lipoprotein and intracellular lipid oxidation is a
common pathophysiological response to oxidative stress
and hyperlipidemia.

Oxidized lipids and lipoproteins, acting as DAMPs,
activate pattern-recognition receptors and induce
transcription factor- and NLRP3 inflammasome-
mediated immune responses in macrophages and
endothelial cells. Such induction can have either adverse
or protective effects depending on time, tissue, and
pathophysiological context.

Innate immune responses to oxidized lipid DAMPSs
differ from those to microbial PAMPS, representing
biased agonism of pattern-recognition receptors.

Retention of oxidized lipoproteins in the vessel wall
synergizes with injury to the endothelium to promote
atherogenesis. These data effectively merge the
“response-to-retention” and “response-to-injury”
hypotheses.
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Context-dependent Adverse and/or Protective effects

Figure 1. Context-dependent adverse and protective effects of oxidized lipids
This chart summarizes, in an abbreviated format, major adverse and protective effects of key

oxidized lipids reviewed in this article. It also emphasizes that a specific cellular response to
oxidized lipids can have adverse and/or protective effects, depending on the tissue and
pathology context. OxPC, oxidized phosphatidylcholine; OxPE, oxidized
phosphatidylethanolamine; OxCE, oxidized cholesteryl ester; MDA, malondialdehyde
[including MDA derivatives, such as MAA (malondialdehyde-acetaldehyde)]; CEP, 2-(cw-
carboxyethyl)pyrrole [oxidation end product of DHA (docosahexaenoic acid)].
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Figure 2. NLRP3 inflammasome induction in ECs
Acting as DAMPs, OxLDL, OxPL, and disturbed flow, increase oxidative stress in the

endothelium leading to the induction of SREBP2 promoting the downstream transcriptional
activation of NLRP3, NOX2, and miR-92a. Consequently, the inflammasome component
proteins (e.g., NLRP3) and oxidative burden in ECs are increased, which result in the
induction of the NLRP3 inflammasome. As a result of elevated levels of IL-1p, the innate
immune response in ECs is augmented, exemplified by the increased expression of MCP-1,
VCAM-1, ICAM-1, and E-selectin. The SREBP2-induced miR-92a targets SIRT1, KLF2,
and KLF4, which leads to the dysfunctional endothelium. Collectively, oxidized lipids,
acting via the NLRP3 inflammasome, contribute to an atherogenic phenotype of ECs.
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