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Abstract

Inflammation in arterial walls leads to coronary artery disease (CAD). We previously reported that
a high omega-3 fatty index was associated with prevention of progression of coronary
atherosclerosis, a disease of chronic inflammation in the arterial wall. However, the mechanism of
such benefit is unclear. The two main omega-3 fatty acids, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), are precursors of specialized pro-resolving lipid mediators (SPMs) -
resolvins and maresins - which actively resolve chronic inflammation. To explore whether SPMs
are associated with coronary plaque progression, levels of SPMs and proinflammatory mediators
(leukotriene B4 [LTB4] and prostaglandins) were measured using liquid chromatography-tandem
mass spectrometry in 31 statin-treated patients with stable CAD randomized to either EPA and
DHA, 3.36 g daily, or no EPA/DHA (control). Coronary plaque volume was measured by coronary
computed tomographic angiography at baseline and at 30-month follow-up. Higher plasma levels
of EPA+DHA were associated with significantly increased levels of two SPMs - resolvin E1 and
maresin 1- and 18-hydroxy-eicosapentaenoic acid (HEPE), the precursor of resolvin E1. Those
with low plasma EPA+DHA levels had a low (18-HEPE+resolvin E1)/LTB,4 ratio and significant
plaque progression. Those with high plasma EPA+DHA levels had either low (18-HEPE+resolvin
E1)/LTBy, ratios with significant plaque progression or high (18-HEPE+resolvin E1)/LTB, ratios
with significant plaque regression. These findings suggest that an imbalance between pro-
resolving and proinflammatory lipid mediators is associated with plaque progression and
potentially mediates the beneficial effects of EPA and DHA in CAD patients.
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1 INTRODUCTION

Atherosclerotic coronary artery disease (CAD) remains a major source of morbidity and
mortality worldwide. A high level of residual risk of atherosclerotic plaque progression and
cardiovascular disease (CVD) events remains despite achieving low-density-lipoprotein
cholesterol (LDL-C) levels < 70 mg/dL with statin treatment.1~3 Therefore, additional
modalities to reduce residual risk are needed. Eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) are very long chain omega-3 fatty acids. In the Reduction of
Cardiovascular Events with Icosapent Ethyl-Intervention trial (REDUCE-IT), those
randomized to high-dose icosapent ethyl, a derivative of EPA, added to statin treatment had a
significant 25% reduction in major adverse cardiovascular events compared to those on
statin alone.? These findings suggest that high-dose EPA added to statin therapy can reduce
residual cardiovascular risk; however, the mechanisms underlying this significant benefit are
not entirely clear.

Atherosclerosis is a disease of chronic inflammation in the arterial wall involving the innate
immune system and characterized by monocyte and neutrophil infiltration and
differentiation of monocytes to macrophages in the subendothelial space, leading to foam
cell and fatty streak formation and advanced plaques.>~’ Inflammation is a protective host
response designed to resist invasion and injury by enhancing antimicrobial activity and
initiating healing to minimize tissue damage and restore normal function. In the initiation
phase of inflammation, the omega-6 fatty acid, arachidonic acid, is converted via
cyclooxygenases to proinflammatory, pro-thrombotic and vasoactive eicosanoids that
include prostaglandin (PG) E,, PGF,, and thromboxane A, and via 5-lipoxygenase to the
proinflammatory leukotriene (LT) By, a potent chemoattractant that recruits leukocytes into
tissues to remove necrotic debris and apoptotic cells.82 As the inflammatory response
proceeds, lipid mediator class switching occurs in which PGE activates biosynthesis of the
specialized pro-resolving lipid mediators (SPMs) — lipoxins (LX), resolvins (Rv), protectins
and maresins (MaR) - which are involved in pro-resolution and anti-inflammatory pathways
that can actively terminate inflammation, including activation of endogenous clearance
mechanisms.10-13 SPMs stimulate the resolution of acute inflammation by stopping further
neutrophil recruitment to inflamed tissues and by stimulating non-phlogistic infiltration of
monocytes that differentiate into reparative, anti-inflammatory, resolution macrophages.1!
These resolution macrophages then phagocytize and clear apoptotic neutrophils and debris,
steps that are key to resolution and prevention of chronic inflammation.11:14 Therefore,

SPMs stimulate the resolution of acute inflammation and prevent chronic inflammation.
11,14,15

We previously reported that patients with stable CAD on statin therapy randomized to high-

dose EPA and DHA in the Slowing HEART diSease with lifestyle and omega-3 fatty acids
(HEARTSYS) trial, had prevention of coronary plaque progression when an omega-3 fatty acid
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index > 4% was achieved.® EPA is the precursor of 18-HEPE and the E-series resolvins,
and DHA is the precursor of the D-series resolvins and maresin 1 (MaR1).11:12 |n a subset
of the HEARTS trial, we reported that SPMs are deficient in CAD patients and
supplementation with omega-3 ethyl ester restored levels of SPMs.17 To explore potential
mechanisms for lack of plaque progression in the HEARTS trial, we measured levels of
SPMs and proinflammatory mediators and correlated with coronary plaque progression and
regression.

2 MATERIALS AND METHODS

Data availability statement:

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

2.1 Study design

The HEARTS trial is a randomized, controlled clinical trial conducted at Beth Israel
Deaconess Medical Center (BIDMC), Boston, MA. The protocol was approved by the
BIDMC Institutional Review Board and conducted according to the Declaration of Helsinki.
All subjects signed informed consent. The primary endpoint of the trial is the effect of high-
dose omega-3 ethyl esters on progression of coronary arterial plaque at 30 months of follow-
up and has been previously reported,16:18

2.2 Participants and study intervention

To explore the association between achieved levels of omega-3 fatty acids and pro-resolving
and proinflammatory lipid mediators as well as coronary plaque progression, SPM levels
were measured in 31 subjects with the highest and lowest plasma omega-3 fatty acid index at
30-month follow-up. Eligible subjects were aged 37 to 80 years and had stable CAD as
defined previously.18 Subjects were randomized to either open-label omega-3 ethyl esters
(Lovaza, GlaxoSmithKline, Research Triangle Park, NC) 4 capsules daily for a total daily
dose of 1.86 g EPA and 1.5 g DHA or no omega-3 ethyl ester (control) for 30 months.
Subjects were taking statin and aspirin therapy unless intolerant. Subjects were counselled
not to take over-the-counter fish oil. At baseline and 6-month intervals, a detailed history
and physical examination were performed. Blood samples were obtained after a 12-hour fast
and measured at Quest Diagnostics (Cambridge, MA). High-sensitivity C-reactive protein
(hs-CRP) was measured as previously described.18

2.3 Image acquisition, reconstruction and coronary plaque analysis

Coronary computed tomographic angiography (CCTA) imaging was performed at BIDMC
at baseline and 30-month follow-up using a 320-row detector scanner (Aquilion ONE,
Toshiba Medical Systems, Otawara, Japan) with prospective electrocardiogram gating as
previously described.16:18-20 CCTA images underwent 3-dimensional reconstruction for
coronary segment plaque volume analysis using semiautomated software (SUREPlaque,
version 6.3.2, Vital Images, Minnetonka, MN, USA). Segments with prior revascularization
or significant calcification causing calcium-bloom artifact were excluded. Branches or focal
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calcification served as fiducial markers to ensure measurement of the same segment at 30-
month follow-up.

Plague analysis was performed independently by two readers blinded to treatment allocation.
Hounsfield unit (HU) densities were used to define plaques as fatty (—100 to 49 HU) and
fibrous (50 to 150 HU).18 Noncalcified plaque is the sum of fatty and fibrous plaque. The
intra-observer and inter-observer agreement indexes were 0.99 and 0.98, respectively,
showing excellent correlation between readings.18 Plaque volume was indexed to length of
vessel examined and expressed in mm3/mm. Progression of coronary plaque was defined as
a percent change greater than 0 and regression of coronary plaque was defined as a percent
change < 0 in fibrous and noncalcified plaque.

2.4 Measurement of fatty acid levels

EPA, DHA, arachidonic acid and total fatty acids were measured as previously described.16
The omega-3 fatty acid index was calculated as the percentage of EPA and DHA of total
fatty acid level.

2.5 Targeted metabololipidomics

To measure levels of SPMs and the proinflammatory mediators - prostaglandins and
leukotrienes - that are derived from EPA, DHA and arachidonic acid functional-
metabolomes, we carried out targeted metabololipidomics using a liquid chromatography-
tandem mass spectrometry (LC-MS/MS) approach as previously described.?1-23 Serum
samples stored at —80 °C were used. Samples for LC-MS-MS based metabololipidomics
were solid-phase (C-18)-extracted and injected into a Qtrap 6500 mass spectrometer
(SCIEX, Framingham, MA, USA) equipped with a Shimadzu HPLC system (Shimadzu
Corp, Kyoto, Japan). A Poroshell 120 EC-C18 column (100x 4.6mm x 2.7 um; Agilent
technologies, Santa Clara, CA, USA) was used for separation. To identify and quantify lipid
mediators (LM), multiple reaction monitoring (MRM) was used with signature ion
fragments (m/z) for each molecule. Identification was conducted using published criteria and
matching of at least six diagnostic ions and retention times of standard compounds.?1-23 The
complete stereochemistry of each of the SPMs, i.e. RvD1 and RvE1, were previously
determined.?! The coefficients of variation for measurements were LTB,: 6.2%, MaR1:
6.5%, RVE1: 11.2%, PGD,: 13.1% and PGE,: 10%.23 Reproducibility between labs and a
methodological validation have been reported.2*

2.6 Statistical Analysis

Categorical variables were expressed as counts and percentages. Normality tests were
conducted using the Shapiro-Wilk test. Continuous variables were reported as the mean and
standard deviation (SD) for normally distributed variables or median and interquartile range
[IQR] for non-normally distributed variables. Plague volumes and percent change were not
normally distributed and therefore, were reported as median [IQR]. Continuous variables
were compared using unpaired Student’s t-tests for normally distributed variables or the
Mann-Whitney-U test for non-normally distributed variables. Categorical variables were
compared with either Chi-square or Fisher’s exact tests. Correlations were determined using
Pearson correlation coefficient for normally distributed variables or Spearman’s rank
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correlation coefficient for non-normally distributed variables. A 2-sided P value < 0.05 was
considered statistically significant. Data analyses were performed using SPSS 20.0 for
Windows (IBM Corp. Armonk, NY, USA).

3 RESULTS

3.1 Study patients

Baseline characteristics stratified by the omega-3 fatty acid index: high (median 8.4% [IQR
8.11t0 9.6]) and low (median 2.4% [IQR 2.3 to 2.7]) are shown in Table 1. Those with a high
omega-3 fatty acid index were more likely to be women and to have lower white blood cell
and neutrophil counts compared to those with a low omega-3 fatty acid index. Both baseline
low-density lipoprotein cholesterol (LDL-C) levels (mean + SD, 2.07 + 0.60 vs. 2.26 + 0.89
mmol/L; £=0.51) and high-sensitivity C-reactive protein levels (median [IQR], 21.9 [1.9,
39.1] vs. 7.6 [3.8, 24.8] nmol/L; £=0.98) were well-controlled and not significantly
different in the low omega-3 fatty acid index and high omega-3 fatty acid index groups,
respectively. Other baseline characteristics were not significantly different.

At 30-month follow-up (Table 2), the high omega-3 fatty acid index group had a significant
reduction in triglyceride level compared to the low omega-3 fatty acid index group (median
percent change, —18.3% versus +14.9%, respectively, between group 2= 0.025) and a
significant increase in lymphocyte count (median percent change, 6.3% versus —18.3%
respectively, between group 2= 0.008). Otherwise, there were no significant differences.

3.2 High plasma omega-3 fatty acid index is associated with higher SPM levels in
subjects with CAD

Representative MRM chromatograms of selected ion pairs for 18-HEPE, RvVE1, MaR1 and
17-HDHA along with representative LC-MS/MS spectra and diagnostic ions employed for
their identification are shown in Figure 1A. Table 3 reports that, compared to those with a
low omega-3 fatty acid index, those with a high omega-3 fatty acid index had significantly
higher levels of the pro-resolving and anti-inflammatory mediators, RvE1 (£ = 0.015), 5-
fold higher levels of the intermediary precursor of RvE1, 18-HEPE (P = 0.0016) and 2-fold
higher levels of MaR1 (P = 0.003). As shown in Figure 1B (data shown in Supplemental
Table 1), EPA levels were significantly directly correlated with their downstream
intermediary, 18-HEPE, and its product, RvE1, and DHA levels were significantly directly
correlated with its downstream intermediary, 17-HDHA, and downstream product, MaR1.
Both EPA and DHA were significantly inversely correlated with PGD».

3.3 SPM levels correlate with change in coronary plaque volume in CAD patients

Coronary plaque volumes were measured using CCTA. A representative image of a coronary
artery segment with plaque components is shown in Figure 2A. All omega-3 fatty acid levels
and ratios were significantly inversely correlated with change of all plaque subtypes with
EPA having the strongest inverse correlation with plaque volume (Figure 2B with data in
Supplemental Table 2). The levels of 18-HEPE, RvE1 and MaR1 were significantly
inversely correlated with change in total plaque, suggesting that pro-resolution capacity
leads to coronary plaque regression. The proinflammatory mediator, PGD», and the

FASEB J. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Welty et al.

Page 6

proinflammatory precursor, arachidonic acid, were significantly directly correlated with
progression in total plaque, a finding consistent with their known proinflammatory effects.
As expected, higher plasma omega-3 fatty acid levels were inversely associated with
triglyceride levels. However, the change in triglyceride was not correlated with change in
any of the plaque types (r=0.238; £=0.21 for total plaque) (data not in table).

To evaluate the balance between pro-resolution to proinflammatory lipid mediators, we
calculated ratios of SPMs to the proinflammatory mediators, LTB,4 and PGD», (Figure 2B
with data in Supplemental Table 2). Higher ratios of RvE1, MaR1 or 18-HEPE + RvE1 to
the proinflammatory mediator, LTB,4 were all significantly inversely associated with
noncalcified and total plaque volume change over 30-months. In addition to a significant
inverse correlation with noncalcified and total plague volume change, the ratios of 18-HEPE
+ RVE1 to LTB,4 or MaR1 to LTBy4 were also significantly inversely correlated with change
in fatty plaque, the type most likely to rupture and cause acute coronary syndrome. The
MaR1/LTBy ratio had the strongest inverse correlation with changes in plaque subtypes and
was similar to that of EPA alone for total plaque (r=-0.61, £=0.001).

3.4 When omega-3 fatty acid index is high, a high pro-resolution to proinflammatory ratio
is associated with coronary plaque regression

Subjects with a low omega-3 fatty acid index had significant progression of all plaque types
(Figure 3 with data in Supplemental Table 3). Subjects with a high omega-3 fatty acid index
fell into two groups: Eleven subjects had significant regression of fatty, fibrous and
noncalcified plaque volume whereas five had significant progression of fatty, fibrous,
noncalcified and total plaque volume. Table 4 reports that those with a low omega-3 fatty
acid index had plaque progression and a low ratio of (18-HEPE + RvE1)/LTB, (median, 1.5
[IQR, 0.5 to 2.7]) compared to those with a high omega-3 fatty acid index who had plaque
regression and a significantly higher ratio of (18-HEPE + RvVE1)/LTB,4 (median, 10.8 [IQR,
2.7, 20.8]) (between group £ = 0.009). Next, we examined whether an imbalance of pro-
resolution to proinflammatory lipid mediators determines plaque progression or regression
among those with a high plasma omega-3 fatty acid index. The (18-HEPE + RvVE1)/LTB4
ratio for the high omega-3 fatty acid index regressor group was significantly higher
compared to the high omega-3 fatty acid index progressor group (median, 10.8 [IQR, 2.7,
20.8] vs 1.1 [IQR, 0.4, 2.1], respectively, between group P = 0.028) (Table 4). The (18-
HEPE + RVE1)/LTBy ratio was not significantly different for the low omega-3 fatty acid
index progressors and high omega-3 fatty acid index progressors (£ = 0.33). Neither RvE1l
nor MaR1 alone distinguished between the high-index progressors and high-index regressors
(Table 4). In contrast, the ratios of 18-HEPE or 18-HEPE+ RVEL to the proinflammatory
mediator, LTB,4, were the only ratios to distinguish between the high-index progressors and
high-index regressors. The MaR1/LTBy ratio distinguished the low-index progressors from
the high index regressors (£ = 0.009) but not the high-index regressors and high-index
progressors (P=0.063). As seen in Supplemental Table 4, no difference was observed in
baseline characteristics stratified by the 3 groups based on omega-3 fatty acid index and
regression or progression of coronary plaque.
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4 DISCUSSION

In the current study, we focused on the relationship between progression and regression of
coronary artery plaque and production of bioactive lipid mediators from EPA and DHA.
High-dose EPA and DHA supplementation, leading to a high plasma level of the omega-3
fatty acid index, significantly increased levels of their down-stream pro-resolving SPM
products, RvE1 and MaR1, and the precursor of RvVE1, 18-HEPE, in patients with CAD
compared to those with a low omega-3 fatty acid index. In addition, levels of EPA were most
strongly correlated with its downstream products, 18-HEPE and RvE1, and DHA was most
strongly correlated with its downstream products, 17-HDHA and MaR1. The plasma
omega-3 fatty acid index was strongly correlated with levels of 17-HDHA, 18-HEPE, RvE1
and MaR1. These findings are consistent with their known precursor/product relationships,
supporting the contention that increasing plasma omega-3 fatty acids by dietary provision of
EPA and DHA influences downstream production of their SPMs in humans over a 30-month
period. Both EPA and DHA were inversely correlated with PGD», a finding suggesting that
EPA and DHA also lower proinflammatory mediators in CAD patients.

Subjects with a low plasma omega-3 fatty acid index had low SPM levels leading to a low
ratio of the SPM pathway derived from EPA, 18-HEPE + RVE1, to the proinflammatory
mediator, LTBy; these subjects had significant progression of coronary plaque. In contrast,
all subjects who attained a high plasma omega-3 fatty acid index had high levels of the
downstream products of EPA and DHA, the SPMs, as would be expected, but they fell into
two groups when plaque change was examined. The majority had low levels of the
proinflammatory mediators leading to a high (18-HEPE + RVEL1)/ LTBy ratio; these subjects
had significant plaque regression. However, several subjects in the high omega-3 fatty acid
index group had high levels of proinflammatory mediators, leading to a low ratio of
SPM/LTBy - either (18-HEPE + RvVE1)/ LTB,4 or MaR1/LTB,4 or RVE1/LTBy; these subjects
had significant progression of plaque. The (18-HEPE + RvE1)/ LTB, ratio was the only
SPM ratio to distinguish the high omega-3 fatty acid index regressors from the high omega-3
fatty acid index progressors. Consequently, the (18-HEPE + RvE1)/ LTB, ratio could
potentially be used as a blood diagnostic marker to predict progression or regression of
coronary plague. SPM levels are high in the high omega-3 fatty acid index group who had
plaque progression; therefore, the reason for the low SPM/LTBy ratio is a persistently high
level of the proinflammatory mediator, LTBy4. The reason for a high level of
proinflammatory mediator is unknown but deserves further study since it may account for
the residual CVD risk seen in some subjects on statin therapy. Whether even higher intakes
of EPA and DHA would be necessary to lower LTB,4 would require further study.

The higher ratio of SPM to proinflammatory mediators with EPA and DHA supplementation
in the high omega-3 fatty acid index group who had plaque regression suggests a shift in the
balance toward pro-resolving over proinflammatory mediators such that progression of
coronary plaque is prevented and in fact, at highest levels, regression is seen. These findings
highlight the importance of the pro-resolution to proinflammatory balance which may
mediate the effect of an elevated plasma omega-3 fatty acid index on the change in coronary
plaque volume. The current findings show that the 18-HEPE and RvE1 pathway may be an
important determinant of response to elevated omega-3 fatty acid levels when
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proinflammatory mediators are taken into account. The value of measuring both SPMs and
proinflammatory mediators offers an explanation as to mechanisms and affords a better
measure of the likelihood of progression or regression of coronary plaque than do EPA and
DHA levels. The benefit in the current study occurred in the setting of well-controlled LDL-
C levels on statin therapy and low hs-CRP levels,16 findings which support a benefit for a
favorable ratio of SPM/LTB, on coronary plaque progression independent of LDL-C
reduction and hs-CRP. Moreover, the SPM/LTBy ratio may be a measure of residual
inflammation in the setting of low levels of hs-CRP.

The current results are supported by data from isolated human cells and animal studies
which support a role of the downstream products of EPA and DHA, the 18-HEPE + RvE1l
pathway and MaR1, in resolving inflammation and reducing atherosclerosis. Laguna-
Fernandez et al.25 demonstrated that RVE1 signaling via its receptor, ERV1/ChemR23,
exerts protection in atherosclerosis by decreasing uptake of oxidized LDL by macrophages
and enhances macrophage phagocytosis, thereby, offering protection against lesion
development and necrotic core formation. In RVEL receptor knockout mice, there was an
increase in pro-atherogenic macrophages, increased oxidized LDL and reduced
phagocytosis, findings which resulted in increased atherosclerotic plague size and plaque
necrotic core formation.2®> Both RVE1 and its precursor, 18-HEPE, are anti-inflammatory
and stop polymorphonuclear migration3! and promote polymorphonuclear apoptosis and
phagocytic removal of apoptotic cells, thereby, stimulating efferocytosis and resolution of
inflammation.27-28 RvE1 downregulates leukocyte adhesive molecules (i.e., CD11/ CD18)
and ADP-dependent platelet activation,22:30 blocks IL-12 production,3! reduces tumor
necrosis factor alpha (TNF-a), IL-1f and 1L-62% and inhibits migration of vascular smooth
muscle cells, thereby, providing potential mechanisms for inhibition of plaque progression.
RVE1 and RVE2 each potently stimulate IL-10 and macrophage phagocytosis.26:32 |n
apoE*3 Leiden mice, both low- and high-dose RvVE1 supplementation reduced the size of
atherosclerotic lesions by 35% (P<0.05) and attenuated the formation of severe lesions in the
absence of change in cholesterol levels and provided additional benefit to atorvastatin
treatment.33 When administered topically to the periodontium at the onset of high-fat, high-
cholesterol diet feeding in rabbits, RvE1 decreased aortic plaque formation, a finding
suggesting that higher levels of RvE1 early on may be important for delaying atherogenesis.
34 RVE1 through its receptor, ChemR23, has also been shown to reduce intimal
hyperplasia3®38 and diminish vascular calcification by lowering the expression of bone
morphogenetic protein 2 in vascular smooth muscle cells.3’

In cultured human saphenous vein endothelial cells and human vascular smooth muscle
cells, MaR1 decreased TNF-a induced monocyte adhesion and production of reactive
oxygen species through up-regulation of cyclic adenosine monophosphate and down-
regulation of NF-kB in a time-dependent manner,38. reviewed in 39 \W/hen apoE —/- mice were
fed a high fat diet, levels of resolving lipid mediators, MaR1 and RvD2, decreased as
atherosclerosis progressed. LTB,4 and PGE; directly correlated with plaque vulnerability
whereas RvD2 and MaR1 were associated with plaque stability.*? Supplementation with
MaR1 and RvD2 prevented progression of atherosclerosis. Compromised clearance
mechanisms at the plaque level may be a major contributing factor to plaque build-up and
instability, suggesting a local imbalance between proinflammatory events and counter-acting
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resolution mechanisms of the immune system, a finding suggesting that resolution may be
dysfunctional .10 In support of this concept, SPMs were higher in stable versus vulnerable
plaque regions from human carotid arteries.*! In line with animal studies, the current
findings in humans with CAD show that low SPM levels and a low ratio between pro-
resolving and proinflammatory lipid mediators may serve as a biomarker of non-resolving
inflammation underlying atherosclerosis. Furthermore, these findings suggest that impaired
resolution of inflammation manifested as an imbalance of pro-resolving and
proinflammatory lipid mediators may contribute to the progression of coronary
atherosclerosis in CAD patients with well-controlled LDL-C levels on statin therapy

We previously reported significantly lower rates of intercurrent infections seen in those
taking high-dose EPA and DHA compared to controls.1® EPA and DHA through resolvins
have been shown to enhance bacterial killing#2 which could account for the lower rates of
infections observed in those receiving EPA and DHA in the HEARTS trial.18 A prior trial of
canakinumab, a monoclonal antibody against IL-1p, showed benefit with lowering
inflammation on cardiovascular events.*3 However, a significant increase in death from
infections was noted due to immunosuppression from canakinumab. In contrast, pro-
resolving mediators have the advantage of resolving inflammation without compromising
host-defense.1! Our data suggest that high-dose supplementation with EPA and DHA can
modify the inflammatory response via increased production of SPMs that act as resolving
mediators that modulate, rather than block, a pathway, and consequently results in decreased
production of proinflammatory mediators, thus decreasing the atherosclerotic inflammatory
process by promoting the resolution phase and terminating inflammation without causing
immunosuppression.

In conclusion, the current results suggest that stimulation of the resolution pathway of
inflammation by the downstream products of EPA and DHA, the SPMs, may prevent plaque
progression in human subjects with CAD with well-controlled LDL-C levels on statin
therapy. The results also suggest that a balance of downstream pro-resolving and
proinflammatory lipid mediators must be maintained in order to attenuate and reduce plaque
growth. As such, a low ratio of SPM to proinflammatory mediator, specifically (18-HEPE
+RVE1)/LTBy, is a potential novel risk factor associated with coronary plaque progression
and could potentially be used as a blood biomarker to predict progression. Thus, increased
SPM production with high-dose omega-3 fatty acid supplementation may provide additional
benefit and modify risk for CAD in patients with well-controlled LDL-C levels on statin
treatment and may account for lower residual risk of CVD events in trials of omega-3 fatty
acid supplementation in statin-treated patients. Examining new strategies such as dietary
supplementation of high-dose EPA and DHA to increase SPMs to target the inflammatory
response is a new therapeutic approach to treating CVD in addition to aspirin, statins and
anti-platelet agents. Thus, new strategies to increase SPMs or the SPM/LTB, ratio to
promote resolution of inflammation may offer unique opportunities to combat chronic
inflammation associated with CVD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard abbreviations:

14-HDHA 14-hydroxy-47,77,10Z,12E,16Z,19Z-docosahexaenoic
acid

17-HDHA 17-hydroxy-4Z, 7Z,10Z, 13Z, 15E, 19Z-docosahexaenoic
acid

18-HEPE 18-hydroxy-5Z, 87, 117, 14Z, 16E-eicosapentaenoic acid

5S15S-diHETE

5S,15S-dihydroxy-eicosatetraenoic acid

AA arachidonic acid

ACE angiotensin-converting enzyme

CAD coronary artery disease

CVvD cardiovascular disease

CCTA coronary computed tomographic angiography

DHA docosahexaenoic acid

EPA eicosapentaenoic acid

GISS Gruppo Italiano per lo Studio della Sopravvivenza
nell’Infarto

HbAlc hemoglobin Alc

HDL-C high-density lipoprotein cholesterol

LC-MSMS liquid chromatography-tandem mass spectrometry

LDL-C low-density lipoprotein cholesterol

LM lipid mediators

LT leukotrienes

LTB4 leukotriene B4 (5S,12R-dihydroxy-eicosa-6Z, 8E,10E,14Z-
tetraenoic acid)

LX AA-derived lipoxin
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LXA4

LXBy4

MaR

MaR1

PD

PD1

PG

PGD,

PGE,

PGFoq

RvD

RvD1

RvD2

RvD3

RvD5

RVE

RvE1l

SPM(s)
Tx

TxB2
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lipoxin A4 (5S,6R,15S-trihydroxy-eicosa- 7E,9E,11Z,13E-
tetraenoic acid)

lipoxin By (5S,14R,15S-trihydroxy-eicosa-6E,8Z,10E,12E-
tetraenoic acid)

maresins

maresin 1 (7R,14S-dihydroxy-docosa-
47 ,8E,10E,127,16Z,19Z-hexaenoic acid)

protectins

protectin D1 (10R,17S-dihydroxy-docosa-
47,77,11E,13E,157,19Z-hexaenoic acid)

prostaglandins

prostaglandin D2 (11-0x0-9, 15S-dihydroxy-prosta-5Z,
13E-dien-1-oic acid)

prostaglandin E, (9-oxo-11,15S-dihydroxy-prosta-5Z,13E-
dien-1-oic acid)

prostaglandin Fy, (9,11,15S-trihydroxy-prosta-5Z,13E-
dienoic acid)

DHA-series resolvins

resolvin D1 (7S,8R,17S-trihydroxy-
docosa-4Z,9E,11E,13Z,15E,19Z-hexaenoic acid)

resolvin D2 (7S,16R,17S-
trihydroxydocosa-4Z,8E,10Z,12E,14E,19Z-hexaenoic acid)

resolvin D3 (4S,11R,17S-
trihydroxydocosa-5Z,7E,9E,13Z,15E,19Z-hexaenoic acid)

resolvin D5 (7S,17S-dihydroxy-docosa-
47,8E,10Z,13Z,15E,19Z-hexaenoic acid)

EPA-series resolvins

resolvin E1 (5S,12R,18R-trihydroxy-
eicosa-6Z,8E,10E,147,16E-pentaenoic acid)

specialized pro-resolving lipid mediator(s)
thromboxane

thromboxane B, (9,11,15S-trihydroxythromba-527,13E-
dien-1-oic acid)
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Figure 1. Pro-resolving lipid mediator measurement and correlation with EPA, DHA and

omega-3 fatty acid index

(A) Representative Multiple Reaction Monitoring Liquid Chromatography Tandem Mass
Spectrometry (LC-MS/MS) Chromatograms of Selected lon Pairs for Lipid Mediators. 18-
HEPE, resolvin E1, maresin 1 and 17-HDHA are reported along with representative MS/MS
spectra and diagnostic ions employed for their identification; representative of n = 31. M/Z

represents molecular mass divided by charge state.

(B) Heat map representing the Pearson correlation coefficients between the precursors,
eicosapentaenoic acid, docosahexaenoic acid and omega-3 fatty acid index, and their
downstream lipid mediator products at 30-month follow-up. Numerical data are in

Supplemental Table 1.

17-HDHA, 17-hydroxy-docosahexaenoic acid; 18-HEPE, 18-hydroxy-eicosapentaenoic
acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; MaR1, maresin 1; PGD,,

prostaglandin D,; RvEL, resolvin E1.
* £<0.05, **/<0.01, ***/<0.001, Pearson correlation.
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Figure 2. Corrélation between fatty acid levels, pro-resolving and proinflammatory lipid
mediatorsand changein coronary plague volume

(A) Representative image of a coronary artery segment. The components of coronary plaque
in a coronary computed tomographic angiogram were defined by Hounsfield Densities. Fatty
plaque was between —100 and 49 HU (shown in red); fibrous plaque: 50 to 150 HU (shown
in blue); calcified > 150 (shown in yellow). The vessel lumen is shown in green.

(B) Heat map representing Spearman correlation coefficients measuring the correlation
between the absolute levels and ratios of fatty acid precursors and lipid mediators and their
ratios with percent change in coronary plaque volume. Numerical data are shown in
Supplemental Table 2.

17-HDHA, 17-hydroxy-docosahexaenoic acid; 18-HEPE,18-hydroxy-eicosapentaenoic acid;
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AA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.
* P<0.05, ** A<0.01, *** P<0.001, Spearman correlation.
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Figure 3. Percent changein coronary plaque at 30-month follow-up stratified by low and high
omega-3 fatty acid index and regression or progression of plaque

* Pvalue compares within group change at 30 months compared to baseline and is 0.001 for
all plaque subtypes. T Pvalue compares within group change at 30 months compared to
baseline and is 0.043 for all plague subtypes.

Black bar indicates median value of percent change in plague volume.

Within group Pvalues were calculated using Wilcoxon signed-rank test and between group
Pvalues with Mann-Whitney U test.
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FA, fatty acid.
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Table 1

Baseline characteristics stratified by low and high omega-3 fatty acid index groups

Low Omega-3 Fatty Acid Index (n =15) High Omega-3 Fatty Acid Index (n=16) P value

Omega-3 fatty acid index, median (IQR) 2.4% [2.3,2.7] 8.4% [8.1, 9.6] <0.001

Characteristic, n (%)

Age, mean (SD) 63.1(5.4) 62.8 (8.2) 0.90
Female sex 1(6.7) 6 (37.5) 0.04
History of myocardial infarction 6 (40.0) 7(43.8) 0.83
History of PCI 8 (53.3) 8 (50.0) 0.85
History of CABG 3(20.0) 4(25.0) 0.74
Hypertension 12 (80.0) 8 (50.0) 0.08
Diabetes 0(0.0) 0(0.0) NA

Anthropometrics and Blood Pressure, mean (SD)

Weight, kg 89.3 (13.6) 92.7 (14.3) 0.51
Body-mass index, kg/m?2 30.5(2.7) 31.6 (3.3) 0.37
Waist circumference, cm 106.4 (7.7) 108.7 (11.5) 0.51

Blood pressure, mm Hg

Systolic 125.6 (16.1) 115.3 (14.3) 0.07

Diastolic 74.2 (9.9) 72.7 (11.8) 0.71

Biochemical Profile, mean (SD), except hssCRP which is median [interquartile range]

Glycated hemoglobin, % 5.8 (0.3) 5.8 (0.4) 0.67

Glucose, mmol/L mg/dl 5.22 (0.49) 5.14 (0.61) 069
94.0 (8.9) 92.6 (11.0) '

hs-CRP, nmol/L mg/L 21.9[1.9,39.1] 7.6 [3.8,24.8] 065
2.3[0.2,4.1] 0.8[0.4,2.6] '

Lipid profile, mean (SD) except triglyceride which ismedian [interquartile range]

Total cholesterol, mmol/L mg/dL 4.00 (0.80) 4.29 (1.06) 041
154.5 (30.7) 165.6 (40.8) '

Triglyceride, mmol/L mg/dL 1.41[0.80,2.12] 1.39 [0.98,2.06] 074
125.0 [71.0,188.0] 123.0 [87.0,182.0] '

HDL-C, mmol/L mg/dL 1.20 (0.32) 1.32 (0.32) 0.30
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Low Omega-3 Fatty Acid Index (n=15) High Omega-3 Fatty Acid Index (n=16) P value
46.3 (12.3) 51.1(12.2)
LDL-C, mmol/L mg/dL 80.1(23.2) 87.3(34.5) 051
2.07 (0.60) 2.26 (0.89)
Complete blood count, mean (SD)
White blood cells, 10° cells/L 7.5(2.4) 6.1(1.2) 0.047
Monocytes, cells/uL 569.5 (180.5) 485.6 (142.6) 0.16
Neutrophils, cells/uL 5188.0 (1969.9) 3728.6 (1032.5) 0.014
Lymphocytes, cells/uL 1550.0 (724.0) 1726.7 (332.3) 0.39
Platelets, cells/uL 187.0 (65.3) 210.9 (34.5) 0.21
Concomitant medication, n (%)
Statin 15 (100.0) 15 (93.8) 0.33
Aspirin 14 (93.3) 15 (93.8) 0.96
ACE-I 8 (53.3) 8 (50.0) 0.85
ARB 2(13.3) 1(6.3) 0.51
Hydrochlorothiazide 2 (13.3) 1(6.3) 0.51
Furosemide 1(6.7) 1(6.3) 0.96
Calcium-channel blocker 3(20.0) 3(18.8) 0.93
Beta-blocker 10 (66.7) 9 (56.3) 0.55

ACE-I, angiotensin converting enzyme inhibitors; ARB, angiotensin receptor blocker; CABG, coronary artery bypass graft surgery; HDL-C, high-
density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low- density lipoprotein cholesterol; PCI, percutaneous

coronary intervention.

Pvalues comparing proportions were calculated with either Chi-square test or Fisher’s exact.

Pvalues comparing continuous variables were calculated using unpaired Student’s t-test or Mann-Whitney U test.
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TABLE 3

Levels of lipid mediators according to omega-3 fatty acid index group
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L ow Omega-3 Fatty Acid Index High Omega-3 Fatty Acid Index P value
2.4% [2.3,2.7] (n = 15) 8.4% [8.1, 9.6] (n = 16)

Docosahexaenoic acid metabolome, pg/ml, median [interquartile range]
Resolvin D1 10.3[0.0,17.4] 4.5[1.0,10.3] 0.45
Resolvin D2 _7 - NA
Resolvin D3 0.8[0.0,2.2] 1.0 [0.0,1.7] 0.47
Resolvin D4 - - NA
Resolvin D5 - - NA
17-HDHA, 17-hydroxy-docosahexaenoic acid
7 152.0 [118.1,298.5] 314.0 [204.6,329.7] 0.10
Protectin D1 - - NA
;;‘i‘c;;DHA (14-hydroxy-docosahexaenoic 41.4[22.4,289.6] 87.4[54.7,233.2] 0.17
Maresin 1 24.1[0.0,41.3] 47.0[35.5,97.3] 0.003
Eicosapentaenoic acid metabolomes, pg/ml, median [interquartile range]
Resolvin E1 0.0 [0.0,0.0] 1.1[0.0,3.1] 0.015
18-HEPE (18-hydroxy-eicosapentaenoic acid)
§ 67.5[42.1,79.0] 341.2 [239.7,451.9] 0.0016
Arachidonic acid metabolomes, pg/ml, median [interquartile range]
Lipoxin A4 - - NA
Lipoxin By - - NA
Leukotriene B, 32.5/19.2,76.9] 21.1[14.7,61.6] 0.35
Prostaglandin D, 4.9[3.6,14.8] 3.411.2,3.6] 0.19
Prostaglandin E, 1.7 [0.0,27.6] 1.2[0.0,7.2] 0.44

" Below limit of detection. Limit of detection ~ 0.1 pg/ml.

Il7-hydroxy-docosahexaenoic acid (17-HDHA) is the downstream product of docosahexaenoic acid and intermediary precursor of resolvin D1 to

resolvin D5 and protectin D1.

§18—hydroxy—eicosapentaenoic acid (18-HEPE) is the downstream product of eicosapentaenoic acid and intermediary precursor of resolvin E1.

Pvalues were calculated using the Mann-Whitney U test.

NA, not applicable.
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