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natural world, in which the cycle of destruction and

rebuilding sustains life and health. For example, the
body's response to pathogens or acute tissue injury
sets in motion the pathophysiologic process of inflam-
mation. In precise fashion, the activated innate immune
system triggers resident immune cells (eg, CCR2- [C-C
motif chemokine receptor 2] macrophages) to recruit
circulating leukocytes to the inflamed tissue (neutro-
phils are generally the first responders) and create a
pro-inflammatory environment to neutralize microbial
invaders or clear debris. These same cells, joined by
CCR2* macrophages, then mediate the conversion to
an anti-inflammatory and pro-resolution state to restore
tissue homeostasis. The timing and extent of this inflam-
matory process (and its resolution) involves a series of
complex fatty acid metabolites derived from polyun-
saturated fatty acids (PUFASs). These PUFAs reside in
cellular phospholipids where they modulate membrane
structure, protein function, and lipid raft organization.'
These same PUFAs furnish substrate for synthesis of
bioactive lipid metabolites, which act as secondary mes-
sengers with direct and potent biological actions. While
multiple chemical classes of these mediators exist, the
oxygenated metabolites, often termed oxylipins, pos-
sess the widest array of cellular actions. These metab-
olites are generated enzymatically by tissue-specific
lipoxygenases (LOXs), cyclooxygenases (COXs), and
cytochrome P450 (CYP; Figure 1).

The wisdom of Solomon manifests throughout the

INTERPLAY BETWEEN OXYLIPINS AND
INFLAMMATION

In atherosclerotic cardiovascular disease (ASCVD),
oxylipins play a concerted role in vascular inflamma-
tion where they serve both to initiate and then resolve
inflammatory processes under the control of various cel-
lular mediators.? Under homeostatic conditions, sufficient
oxylipins are available to temporally support each stage
of inflammation in the arterial wall. However, there can
develop an imbalance in PUFA substrate concomitant
with an increase of other pro-inflammatory stimuli, most
notably the cytokines and cellular debris. In the case of
atherosclerosis, macrophage phagocytosis of retained
ApoB-containing lipoproteins and dead or damaged cells
in the intima can lead to chronic, smoldering inflamma-
tion, culminating in atheroma evolution.3* In the case of
myocardial infarction, or other forms of tissue injury, dam-
age associated molecular patterns derived from cellular
debris provoke inflammation by ligating pattern recog-
nition receptors (eg, the toll-like receptors). Therefore,
there is active pursuit of therapeutic strategies aimed at
optimizing the integrated actions of oxylipins in homeo-
stasis to reduce ASCVD risk and ischemic events.
Arguably, the most consequential and well-
characterized lipid ratio for determining inflammatory
mediator flux is that of omega-6 fatty acids (n6-FA) to
omega-3 fatty acids (n3-FA). The ratio of n6-FA to n3-FA
in the Western diet has increased from =4:1 to over 20:1
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Figure 1. Multiple enzymes, including COXs (cyclooxygenases), LOXs (lipoxygenases), and CYP (cytochrome P450), generate
pro-resolving oxylipins from omega-3 fatty acid (n3-FA) precursors.

The n3-FAs concentrate in cell membranes and are then released enzymatically by PLA, (phospholipase A,) before conversion to pro-resolving
oxylipins by P450, 12/15-LOX, and COX2 (including acetylated COX2). The structures of representative oxylipins from each n3-FA are shown
in the boxes on the right, where the oxygen atoms are highlighted red. 5-NGT indicates 5-nitrosoglutathione; DHA, docosahexaenoic acid;
DPA, docosapentaenoic acid; EH, epoxide hydrolase; and EPA, eicosapentaenoic acid.

during the past century due to widespread introduction
of highly processed oils and foods.? The key representa-
tives of each class are arachidonic acid (AA; 20:4 n6)
and eicosapentaenoic acid (EPA; 20:5 n3), respectively,
and the ratio of EPA/AA is a well-established marker of
ASCVD risk.57 Both fatty acids have 20 carbon atoms in
their acyl chains and a diverse array of metabolites collec-
tively referred to as eicosanoids. The diet provides the pri-
mary source of EPA and AA (as well as other long-chain
PUFASs), as the conversion of the shorter PUFA species
a-linolenic acid (18:3 n3) and linoleic acid (18:2 n6) to
EPA and AA, respectively, is inefficient in men and post-
menopausal women. Thus, direct intake of these PUFAs
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via diet is the most effective means of achieving adequate
levels. While PUFAs circulate within multiple lipid environ-
ments, including lipoproteins and red blood cells, and
have important biological actions? peripheral tissues will
take up EPA and AA and incorporate them into cellular
phospholipids as needed in response to physiological
requirements.’ Importantly, EPA and AA will compete for
binding at the sn2 position of phospholipids, a key consid-
eration for determination of the EPA/AA ratio.

In the membrane, these PUFAs differentially modulate
membrane fluidity, width, and cholesterol localization.! The
EPA molecule has an extended, stable conformation that
maintains favorable membrane cholesterol distribution
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and lipid dynamics while facilitating effective free radi-
cal trapping. These physicochemical properties of EPA
reduce the formation of membrane cholesterol domains
that precipitate extracellular crystals as compared with
other PUFAs." Phospholipase A, can then hydrolyze the
acyl chains of these phospholipids and provide substrate
to intracellular enzymes for oxylipin production. In addi-
tion to their competition for phospholipid incorporation,
EPA and AA compete for COX1 and COX2 binding to
differing degrees, with EPA reducing AA oxygenation
by COX1 more effectively than by COX2.'%"" Thus, the
EPA/AA ratio not only functions to normalize circulating
EPA levels but also reflects the balance between n3-FA
and n6-FA actions in target tissues, from the membrane
to the oxylipins produced by those same tissues.

ROLE OF EICOSANOIDS IN VASCULAR
INFLAMMATION

The eicosanoids derived from EPA and AA have criti-
cal roles at each stage of the vascular inflammatory
process.?’? When inflammatory signals are released,
leukotriene B,, which is an AA-derived 5-LOX product,
triggers infiltration of polymorphonuclear neutrophils
(PMNs) to atherosclerotic lesions or other diseased
tissues. COX-dependent production of prostaglandin
E, from AA facilitates this recruitment by vasodila-
tion to boost trafficking PMNs to the emerging lesion.
Following the first wave of debris clearance by these
PMNSs, there is an important switch in the eicosanoid
class away from pro-inflammatory to pro-resolving.
Prostaglandin E,, which initially served to stimulate
the inflammatory cascade, now induces 15-LOX within
PMNs to produce lipoxin A,."® This switch both limits
leukotriene B, production to reduce further PMN infil-
tration and stimulates clearance by macrophages of
dead cells (efferocytosis).

Oxylipins from the n3-FAs EPA, docosahexaenoic
acid (DHA), and docosapentaenoic acid also increase
in production to promote further inflammation reso-
lution. These oxylipins are collectively referred to as
specialized pro-resolving mediators (SPMs) and bind
to specific G-protein—coupled receptors to facilitate
intracellular actions. SPMs fall into 3 categories, based
on their lipid precursor and cellular actions: resolvins,
formed from EPA, DHA, and docosapentaenoic acid,
and protectins and maresins, both of which are only
formed from DHA and docosapentaenoic acid.* Repre-
sentative oxylipins from these n3-FA precursor possess
antiatherosclerotic properties. For example, resolvin
E1 (RVE1), which is formed from EPA by successive
conversion to 18-hydroxyeicosapenatenoic acid via
CYP and acetylated COX2 and then RvE1 via 5-LOXin
PMNs, reduced lesion size and inflammatory biomarker
levels in multiple animal models of atherosclerosis.’™'®
EPA and EPA-derived oxylipins including RvE1 localized
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preferentially to thin-cap atheromas in Apoe™~ mice."”
18-hydroxyeicosapenatenoic acid itself also prevents
diapedesis of PMNs."® Resolvin D1, formed from DHA
by way of a 17-hydroperoxy-DHA intermediate by
15-LOX, also reduced lesional leukotriene B, levels,
necrotic core size, and oxidative stress in Ldlr’~ mice.'®

The in vivo concentrations of SPMs in humans and
hence their clinical relevance has engendered consider-
able debate, as different laboratories use a wide range
of methods for determining quantitation limits in the
LC-MS/MS (liquid chromatography-tandem mass spec-
trometry) platforms.?°-22 While some studies have failed to
detect SPMs in patients, many other studies have shown
levels of various SPMs are modulated with n3-FA treat-
ment.?? Specific to EPA-only formulations, clinical studies
have shown that treatment leads to increases in E-series
resolvins, as well as 18-hydroxyeicosapenatenoic acid in a
dose- and time-dependent manner.?32* Analysis of SPMs
in blood samples from large cardiovascular outcome trials
using 4 g/d icosapent ethyl (IPE) would further clarify
their clinical relevance. There appears little question that
SPMs can elicit biological actions, and these actions by
n3-FA oxylipins underscore the importance of supplying
the organism (through diet and intervention) with a suf-
ficient balance of n6-FA and n3-FA to facilitate a self-
resolving arc of the inflammatory response.

DISTINCT CARDIOVASCULAR BENEFITS
OF ICOSAPENT ETHYL

However, contemporary clinical trials investigating n3-FA
formulations for both secondary and primary prevention
of cardiovascular events have, until recently, generally
shown that fish oil supplementation has no benefit.®
Whether these findings were due to improved standard
of care regimens (eg, statins), the patient populations,
the dose of n3-FA administered, or the n3-FA composi-
tion remains unsettled. But in the case of ASCVD, in

Table. Pleiotropic Actions of Eicosapentaenoic Acid to
Reduce Atherosclerosis

Reduces Promotes

Membrane lipid oxidation Normal membrane cholesterol distribution

Glucose-induced membrane
cholesterol domains

Cell membrane stability

Lipoprotein oxidation SPM formation

EC function and NO release with and
without statin combination

Adhesion molecule expression

Low-attenuation plaque volume | HO-1 and related ARE protein
expression under inflammatory conditions

Insulin insensitivity Plaque stability

Circulating TG levels GPR-120-mediated anti-inflammatory

actions

ARE indicates antioxidant response element; EC, endothelial cell; GPR, G-
protein—coupled receptor; HO-1, heme oxygenase-1; SPM, specialized pro-
resolving mediators; and TG, triglyceride.
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2019, REDUCE-IT (Reduction of Cardiovascular Events
With Icosapent Ethyl—Intervention Trial) showed that
administration of 4 g/d IPE to high-risk, statin-treated
patients with established hypertriglyceridemia reduced
major adverse cardiovascular events by 25%.% IPE is
a highly purified ethyl ester of EPA. Despite significant
reductions in triglyceride levels, the biomarker found to
be most predictive of event reduction and mediate the
most benefit was the serum EPA level.2"?8 These results
were supported by the only other trial of n3-FAs to yield
a positive result before REDUCE-IT, the open-label
JELIS trial (Japan EPA Lipid Intervention Study). Here,
plasma levels of EPA again correlated inversely with
major coronary events in statin-treated patients receiv-
ing 1.8 g/d IPE®

Most recently, the RESPECT EPA trial (Randomized
Trial for Evaluation in Secondary Prevention Efficacy
of Combination Therapy—Statin and Eicosapentaenoic
Acid) investigated the effects of 1.8 g/d IPE in Japanese
patients with documented coronary artery disease and a
low EPA/AA ratio at baseline. This study showed a 21%
reduction in major adverse cardiovascular events (haz-
ard ratio, 0.79 [0.62—-1.00]) concomitant with significant
increases in both EPA levels and the EPA/AA ratio.®
Post hoc evaluation of patients in each arm who did
(IPE arm) and did not (control arm) achieve increases in
EPA levels showed a significant reduction in the primary
end point. Together, these data suggest that targeting
the EPA/AA ratio as a modifiable risk factor in ASCVD
prevention warrants further investigation with IPE. By
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Figure 2. Insufficient omega-3/omega-6 levels promote inflammation during atherosclerosis in contrast to eicosanoid

homeostasis.

When the balance of lipid precursors favors more arachidonic acid (AA) than eicosapentaenoic acid (EPA), there is an insufficient production
of pro-resolving eicosanoids. The inflammatory process continues unabated, leading to atherosclerosis. By contrast, when there are adequate
levels of both omega-6 fatty acids (especially AA) and omega-3 fatty acids (especially EPA), the inflammatory process initiates and resolves
with the temporal production of oxylipins from both omega-6 and omega-3 fatty acids. Pro-inflammatory prostaglandins such as prostaglandin
E2 and leukotriene B4 from AA recruit polymorphonuclear leukocytes to extravasate through the endothelium and into the intima to initially
clear inflammatory debris. This process yields with the switch in lipid mediators from pro-inflammatory to pro-resolving, which includes the
production of lipoxin A4 from AA and resolvins from EPA, docosahexaenoic acid (DHA), and docosapentaenoic acid (DPA), all of which halt
polymorphonuclear neutrophil (PMN) infiltration and promote efferocytosis by macrophages. ALA indicates a-linolenic acid; DGLA, dihomo-y-
linolenic acid; and LA, linoleic acid.
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increasing EPA levels, IPE treatment may favor a bal-
ance between pro-inflammatory and pro-resolving oxy-
lipins implicated in atheroma development to augment
the other direct cardioprotective mechanisms of EPA.

ISOLATED OXYLIPINS FOR CLINICAL
DEVELOPMENT?

These recent cardiovascular outcome trials indicate
that balance between n3-PUFAs and n6-PUFAs can
alleviate ASCVD risk and events, along with providing
pleiotropic benefits associated with therapeutic levels
of EPA, in particular. These findings have also inspired
new investigations into potential therapeutic actions
of isolated oxylipins in various disease settings. As
discussed above, these oxylipins may elicit a range of
beneficial actions, from reducing inflammatory biomark-
ers to increasing arterial plaque stability. But we must
fully appreciate how these molecules each separately
affect such pro-resolving and anti-inflammatory actions
to elucidate their role in pathophysiology as well as in
the body’s natural homeostatic response mechanisms.
Efforts to exploit individual metabolites for therapeutic
applications must not come at the expense of restor-
ing the underlying imbalance of the oxylipin precursors,
specifically EPA and AA. Indeed, oxylipins are both
spatially and temporally generated from these precur-
sors. Circumventing this innate regulation runs the risk
of being overly reductionistic by missing the broader
mosaic of mechanisms provided by the intact EPA pre-
cursor (Table)."*" These mechanisms are precisely regu-
lated to induce and then resolve inflammation as needed
in response to injury, and oxylipins participate critically
in this process. The most promising path toward sus-
tainably resolving the chronic pro-inflammatory state of
arterial lesions unlikely resides in any one oxylipin spe-
cies. A recent clinical trial with isolated oxylipins, despite
some beneficial effects on inflammatory biomarkers,
failed to meet its primary end point.3 Rather, the most
likely magic bullet is one that enables the essential bal-
ance of precursor PUFAs needed to disseminate oxy-
lipins as required to restore homeostasis and maintain
the normal cycle of tissue breakdown and restoration
fundamental to health (Figure 2).
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