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BACKGROUND AND PURPOSE
Atherosclerosis results from a maladaptive inflammatory response initiated by the intramural retention of LDL in susceptible areas
of the arterial vasculature. The ω-3 polyunsaturated fatty acids (ω-3) have protective effects in atherosclerosis; however, their
molecular mechanism is still largely unknown. The present study used a metabolomic approach to reveal the atheroprotective
metabolites of ω-3 and investigate the underlying mechanisms.

EXPERIMENTAL APPROACH
We evaluated the development of atherosclerosis in LDL receptor-deficient mice (LDLR�/�) fed a Western-type diet (WTD) plus
ω-3 and also LDLR�/� and fat-1 transgenic (LDLR�/�-fat-1tg) mice fed a WTD. The profiles of ω-3 in the plasma were screened by
LC–MS/MS using unbiased systematic metabolomics analysis. We also studied the effect of metabolites of eicosapentaenoic acid
(EPA) on endothelial activation in vitro.

KEY RESULTS
The ω-3 diet and fat-1 transgene decreased monocyte infiltration, inhibited the expression of pro-inflammatory genes and
significantly attenuated atherosclerotic plaque formation and enhanced plaque stability in LDLR�/� mice. The content of
18-hydroxy-eicosapentaenoic acid (18-HEPE) and 17,18-epoxy-eicosatetraenoic acid (17,18-EEQ), from the cytochrome P450
pathway of EPA, was significantly higher in plasma from both ω-3-treated LDLR�/� and LDLR�/�-fat-1tg mice as compared with
WTD-fed LDLR�/� mice. In vitro in endothelial cells, 18-HEPE or 17,18-EEQ decreased inflammatory gene expression induced by
TNFα via NF-κB signalling and thereby inhibited monocyte adhesion to endothelial cells.

CONCLUSIONS AND IMPLICATIONS
EPA protected against the development of atherosclerosis in atheroprone mice via the metabolites 18-HEPE and/or 17,18-EEQ,
which reduced endothelial activation. These compounds may have therapeutic implications in atherosclerosis.

LINKED ARTICLES
This article is part of a themed section on Spotlight on Small Molecules in Cardiovascular Diseases. To view the other articles in this
section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v175.8/issuetoc
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Abbreviations
1-ABT, 1-aminobenzotriazole; ARA, arachidonic acid; CCL, chemokine C-C motif ligand; CD, chow diet; CYP, cytochrome
P450; DHA, docosahexarnoic acid; EC, endothelial cell; EEQ, epoxyeicosatetraenoic acid; EPA, eicosapentaenoic acid;
HEPE, hydroxy-eicosapentaenoic acid; ICAM-1, intercellular adhesionmolecule 1; LDLR, LDR receptor; LOX, lipoxygenase;
MSPPOH, N-methylsulfonyl-6-(2-propargyloxyphenyl)hexanamide; NDGA, nordihydroguaiaretic acid; PUFA, polyunsat-
urated fatty acid; VCAM-1, vascular cell adhesion molecule 1; VIP, variable importance for prediction; WTD, Western-type
diet; αSMA, α-smooth muscle cell actin; ω-3, ω-3 polyunsaturated fatty acids; ω-6, ω-6 polyunsaturated fatty acids

Introduction

Atherosclerosis is a life-threatening disease triggered by an in-
crease in the blood concentration of LDL cholesterol and
the development of inflammatory networks. Endothelial
cells (EC), participating in the intial step of atherosclerosis,
are activated by several inflammatory stimuli, which up-
regulate the expression of many inflammatory factors such
as E-selectin and vascular cell adhesion molecule 1 (VCAM-
1) (Ross, 1999). The blood monocytes are captured by acti-
vated EC and enter the arterial wall, thereafter differentiating
to macrophages. Some of these macrophages with inflamma-
tory markers are expressed on the surface and along with cho-
lesterol are involved in the progressive occlusion of the
arterial lumen (Libby, 2012). Suppressing the pro-
inflammatory state of EC could prevent the formation of
atherosclerosis.

Arachidonic acid (ARA) (Lopez-Vicario et al.), a major
ω-6 polyunsaturated fatty acid (ω-6 PUFA), is catalysed by
three major enzymatic pathways – COX, lipoxygenase
(LOX) and cytochrome P450 (CYP) – to various metabo-
lites (Gross et al., 2005). Many of these metabolites are pro-
inflammatory and trigger cardiovascular diseases such as
hypertension, atherosclerosis and heart failure (Takase et al.,
1996; Dwyer et al., 2004; Sacerdoti et al., 2015). In contrast,
ω-3 PUFA (ω-3), especially eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), described as the ‘Eskimo fac-
tor’, have caught the attention of basic and clinical research
scientists since the 1940s because of the rare coronary heart
disease and cardiovascular events in Greenland Eskimos,
who consume a diet rich in seafood (Lavie et al., 2009). EPA
and DHA share the same enzymatic system with ARA for
transformation into a number of metabolites such as
hydroxy-eicosapentaenoic acid (HEPE) and
epoxyeicosatetraenoic acid (EEQ) (Mozurkewich et al.,
2016). A number of studies report that a ω-3 diet can attenu-
ate EC activation, monocyte adhesion and infiltration into
the subendothelial space of the arterial wall and reduce ath-
erosclerotic lesions (De Caterina et al., 1994; Collie-Duguid
and Wahle, 1996; De Caterina and Libby, 1996; Hughes
et al., 1996; Miles et al., 2000).

Unlike ω-6 PUFA, ω-3 PUFA are of prime importance for
their anti-inflammatory effect, but they can only be derived
from the diet because mammals lack the endogenous en-
zymes for ω-3 desaturation (Spychalla et al., 1997). The
Caenorhabditis elegans fat-1 gene encodes an ω-3 fatty acid
desaturase and converts ω-6 PUFA to ω-3 PUFA by adding a
double bond at the ω-3 position. When introduced into mice
(Kang et al., 2004), the fat-1 gene increased endogenous levels
of EPA/DHA and reduced the development of atherosclerosis
in transgenic mice (fat-1tg) (Wang et al., 2004; Wan et al.,

2010). Hence, EPA and DHAmay have an atheroprotective ef-
fect. However, the possible underlying mechanisms remain
unknown, and whether EPA/DHA themselves or another me-
tabolite(s) have an atheroprotective role is still debatable.

In this study, the potency of metabolites as candidates
that mediate the anti-atherosclerotic effects of ω-3 were ex-
plored. We used an established unbiased systematic metabo-
lomics analysis (Zhang et al., 2015) to screen the changes in
both ω-6 and ω-3 metabolic profiles in LDL receptor deficient
mice and fat-1tg mice fed a diet supplemented with ω-3.
Among these metabolites, ω-3-enriched 18-HEPE and
17,18-EEQ were shown to reduce the development of
atherosclerosis by decreasing endothelial activation and
monocyte adhesion, and these effects were mediated by
inhibiting NF-κB signalling.

Methods

Animal experiments
LDL receptor deficient (LDLR�/�) mice were obtained from
the Experimental Animal Centre of Military Medical Science
Academy (Beijing, China). Fat-1tg mice were provided by Dr
Alan Zhao from Nanjing Medical University (Wei et al.,
2010). Fat-1tg mice were crossed with LDLR�/� mice to obtain
LDLR�/�-fat-1tg mice. Six-week-old male LDLR�/� mice
(18–20 g) were randomized into three groups, which were
fed different diets for 6 weeks: a chow diet (CD; MD12016);
Western-type diet (WTD; MD12017, containing 40 kcal%
fat, 1.25% cholesterol and 0.5% cholic acid) and WTD sup-
plemented with ω-3 [WTD + ω-3; MD12017A, MD12017
mixed with 3% deep-sea fish oil (Nutrifynn Caps, PA, USA)].
In another set of experiments, LDLR�/� and LDLR�/�-fat-1tg

mice were fed a WTD for 6 weeks. The investigators were
not blinded to the experimental groups. The food intake
was monitored throughout the feeding period. All mice were
housed in a specific-pathogen-free, temperature-controlled
environment in individually ventilated cages with wood
shavings as bedding (3–6 per cage), with 12 h light/dark cy-
cles and received food and water ad libitum. At the end of
the experiment, mice were killed by exsanguination after be-
ing anaesthetized with isoflurane. Plasma samples were col-
lected with butylated hydroxytoluene as an antioxidant and
EDTA as an anticoagulant.

The plasma levels of triglycerides, total cholesterol and
LDL cholesterol in mice were measured by use of an auto-
mated clinical chemistry analyser kit (Biosino Biotech, Bei-
jing, China). Aortic trees were obtained from mice after they
were killed and fixed in 4% paraformaldehyde solution for
en face staining. Aorta samples for RT-PCR were snap-frozen
in liquid nitrogen immediately after collection, then stored
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at �80°C. Samples of aortic roots were embedded in Tissue-
Tec OCT moulds at �80°C after fixing and dehydrating. All
procedures involving experimental animals were performed
under the principle for replacement, refinement or reduction
(the 3Rs) and in accordance with US National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 85-23, updated 2011) and were ap-
proved by the Institutional Animal Care and Use Committee
of Tianjin Medical University (Tianjin, China). Animal stud-
ies are reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath & Lilley, 2015).

Murine atherosclerotic lesion analysis
Aortic trees were fixed and dissected on dark wax, then
stained with Oil-red O to quantify the lesion area by using
Image Pro Plus. Cross sections of aortic roots 7 μm thick were
stained with Oil-red O to assess lipid accumulation. Lesion
area was determined in haemotoxylin and eosin (H&E)-
stained outflow tract sections. Collagen formation was de-
tected by picrosirius-red staining (Solarbio, Beijing, China),
immunostaining of α-smooth muscle cell actin (αSMA) for
smooth muscle cells (SMC) and F4/80 for macrophages. For
immunofluorescence microscopy, aortic root sections were
fixed in ice-cold acetone for 5 min, washed in PBS and
blocked with normal goat serum for 1 h at room temperature.
Sections were then incubated overnight at 4°C with antibod-
ies for αSMA and F4/80 (both 1:100) in 1% BSA block solu-
tion. Sections were then rinsed and incubated with
secondary antibody. Images were captured by fluorescence
microscopy and analysed by using Image Pro Plus. The vul-
nerability index of plaques was calculated as (macrophage
staining% + lipid staining%)/(SMCs% + collagen fibre%), ac-
cording to a previous report (Williams et al., 2002).

Cell culture
HUVECswere cultured as described previously (Zhu et al.,1998)
at 37°C in a humidified atmosphere containing 5% CO2, and
cells between passages 4 and 6 were used for experiments.

Plasmid transfection and luciferase activity
assay
HUVECs cultured to sub-confluence in 6-well plates were
transfected with the firefly luciferase reporter plasmid of
NF-κB containing a TA promoter (pNF-κB-TA-luc, Beyotime
Biotechnology, China) along with a β-galactosidase reporter
plasmid (Progema, Madison, WI, USA) for 24 h by using
lipofectamine reagent (Invitrogen, Carlsbad, CA, USA) as
instructed. Then the cells were treated with of TNFα
(0.1 ng·mL�1) and 18-HEPE (1 μM) or 17,18-EEQ (1 μM) as
indicated for another 24 h. The luciferase activity in cell
lysates was measured by using a dual luciferase reporter assay
system (Progema, Madison, WI, USA).

Monocyte adhesion
Monocyte adhesion was analysed as described previously but
with modifications (Zhu et al., 1998). Briefly, HUVECs were
cultured in 6-well plates, and pretreated with 18-HEPE
(1 μM)or 17,18-EEQ (1 μM) for 24 h until confluent, thenwith
TNFα (0.1 ng·mL�1) for 6 h. THP1 cells were labelled with
BCECF-AM (Invitrogen), then added to plates at 2 × 106 cells

per well. After incubation for 30 min at 37°C, non-adherent
cells were removed by washing three times with PBS. In each
sample, the number of stained adhering cells in five random
fields was counted under a fluorescence microscope.

Metabolomic analysis
Metabolomic analysis involved LC–MS/MS of metabolites as
described previously (Li et al., 2014; Zhang et al., 2015).
Briefly, 200 μL plasma samples frommice were spiked with in-
ternal standard mixture (5 ng) and extracted by solid-phase
extraction, then cartridges were washed with 2 mL of 5%
methanol and vacuum pumped. Analytes were eluted with
methanol and evaporated to dryness. The residues were dis-
solved in 100 μL of 30% acetonitrile. Chromatographic sepa-
rations involved the use of an UPLC BEH C18 column
(1.7 μm, 100 × 2.1 mm i.d.) consisting of ethylene-bridged
hybrid particles (Waters, Milford, MA, USA). Target profiling
of PUFA involved the 5500 QTRAP hybrid triple quadruple
linear ion-trap mass spectrometer (AB Sciex, Foster City, CA,
USA) equipped with a turbo ion-spray electrospray ionization
source. For unbiased analysis of differences between groups,
we used Metaboanalyst 3.0 (http://www.metaboanalyst.ca).
Missing values were imputed with half of the minimum pos-
itive value, and data were log-transformed and autoscaled be-
fore analysis. Global changes between samples from different
groups of mice were compared by non-parametic tests
(P < 0.1) with a fold-change threshold of 2.

Quantitative RT-PCR (qPCR)
Real-time PCR with primers was conducted as previously de-
scribed (Xue et al., 2015). Total RNA from cells or mouse tis-
sues was isolated by use of RNAiso Plus reagent (Takara Bio,
Japan) as instructed and reverse-transcribed by using the
first-strand cDNA synthesis kit (Thermo Scientific, Rockford,
IL, USA). Gene expression was normalized to that of β-actin.
Primers for qPCR are in Supporting Information Table S1.

Western blot analysis
Western blot analysis was performed as described previously
(Xue et al., 2015). Cell lysates were resolved by 10% SDS-
PAGE, then transferred to a PVDF membrane, which was in-
cubated with primary antibodies, then horseradish
peroxidase-conjugated secondary antibody. The densities of
the protein bands were analysed by using Image J software.

Statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015). Data are presented as a
mean ± SEM. Statistical analysis involved the use of
GraphPad Prism 6 with Student’s two-tailed unpaired t-test,
one-way ANOVA or two-way ANOVA with Bonferroni multi-
ple comparison post test, as appropriate. P < 0.05 was consid-
ered to be statistically significant.

Materials
Chow diet (MD12016), WTD (MD12017) and WTD supple-
mented with ω-3 PUFA (WTD + ω-3; MD12017A) were from
Medicience (Jiangsu, China). The content of EPA and DHA
in the WTD + ω-3 diet was 0.5% (w.w-1) and 0.35% (w.w-1) re-
spectively. Standard metabolites of PUFA, including HEPEs
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and EEQs, and inhibitors of PUFA metabolism [indometha-
cin (IND), nordihydroguaiaretic acid (NDGA),
1-aminobenzotriazole (1-ABT) and N-methylsulfonyl-6-(2-

propargyloxyphenyl)hexanamide (MSPPOH)] were from
Cayman Chemical (Ann Arbor, MI). The UPLC BEH C18 col-
umn of ethylene-bridged hybrid particles was from Waters

Figure 1
Supplementation of ω-3 in WTD reduced atherosclerotic plaque formation and increased plaque stability in LDLR�/�mice. LDLR�/�mice were fed
a CD orWTD for 6 weeks; one group of LDLR�/�mice were fed the WTD supplemented with ω-3 (3%wt.wt-1). (A) Representative aortas from each
diet group with Oil-red O staining (left) and quantification of aortic lesion area (right) by en face staining; each dot represents a single mouse (n = 6
for each group). Horizontal bars represent mean values; whiskers are SEM. (B) Representative photomicrographs of aortic root sections stained
with H&E and quantification of lesion area. (C–F) Representative photomicrographs (left) and quantification (right) of aortic root sections stained
with Oil-red O (C), MAC-3 (D), picrosirius red (E) and αSMA (F) in atherosclerotic plaque. (G) Vulnerability index of plaques. (H) Quantification of
plasma levels of triglycerides, total cholesterol and LDL-C in plasma. (B–H) n = 10mice in WTD group and n = 9 inWTD + ω-3 group (one sample in
WTD + ω-3 group was lost during sample preparation). Data are mean ± SEM, *P < 0.05 compared to control.
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(Milford, MA). The 5500 QTRAP spectrometer was from AB
Sciex (Foster City, CA). Triglyceride and cholesterol determi-
nation kits were from BioSino Bio-Technology & Science
(Beijing, China). Antibodies against αSMA (Sigma, St. Louis,
MO), CD31 (Abcam, Cambridge, MA), MAC-3 (Santa Cruz
Biotechnology, Santa Cruz, CA) and NF-κB Pathway Sampler
Kit #9936 (Cell Signalling Technology, Danvers, MA) were
all commercially available.

Nomenclature of targets and ligands
Key protein targets and the ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from

the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al.,
2016), and are permanently archived in the Concise Guide to
PHARMACOLOGY 2015/16 (Alexander et al., 2015a,b,c).

Results

Supplementation of ω-3 in WTD reduces the
size of plaque formation and enhances plaque
stability in LDLR�/� mice
We first examined the efficacy of ω-3 inWTD-induced athero-
sclerosis in LDLR�/� mice. As compared with the chow diet
(CD), the WTD induced a marked atherosclerotic lesion in

Figure 2
Supplementation of ω-3 WTD in LDLR�/� mice changed the profiles of PUFA metabolites. Mice were treated as in Figure 1. (A) Heat map showing
eicosanoid profiles of ω-6 and ω-3 PUFAs in plasma samples frommice with WTDwithout and with ω-3. (B) PLS-DA score plot and (C) features (var-
iables) of top 10 most significant metabolites based on VIP scores from PLS-DA. The X-axis shows the correlation scores and the Y-axis the metab-
olites. Colour bars show median intensity of variable in the respective group. (D) Volcano plot of PUFA profiling. Red points indicate metabolites
with content that both reached statistical difference by non-parametric test (log10 of the P-value) and were changed by at least twofold (log2);
n = 15 mice in WTD group and n = 16 in WTD + ω-3 group (one sample in WTD group was missing because of insufficient volume of plasma).
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the mice. LDLR�/� mice fed a WTD supplemented with ω-3
for 6 weeks showed a significantly attenuated atherosclerotic
lesion area in the aortic tree and aortic sinus, as measured by
en face Oil-red O staining (Figure 1A) and H&E staining
(Figure 1B) respectively. To evaluate the effect of ω-3 on the
nature of the plaques, we further analysed plaque composi-
tion in mice. Lipid deposition was lower in atherosclerotic
plaques in LDLR�/� mice with ω-3-supplemented WTD than
control mice (Figure 1C). Furthermore, macrophage infiltra-
tion was decreased, as indicated by immunostaining with
the macrophage marker MAC-3 (Figure 1D), in atheroscle-
rotic plaques of ω-3-treated mice. In contrast, collagen con-
tent was increased, as determined by picrosirius-red
staining (Figure 1E), in plaques of ω-3-treated mice. The
content of vascular SMC, determined by αSMA immuno-
staining, was comparable in the ω-3 and control groups
(Figure 1F). As a result, the vulnerability index of the
plaque was reduced by the ω-3 treatment (Figure 1G).
Moreover, ω-3 supplementation significantly reduced the
plasma levels of triglycerides, total cholesterol and LDL
cholesterol (Figure 1H). Hence, ω-3 may have potent anti-
atherosclerotic effects either mediated directly or via a re-
duction in serum lipid levels.

ω-3 supplementation of a WTD changed the
profiles of PUFA metabolites in LDLR�/� mice
To analyse the profiles of PUFA metabolites, we used
LC–MS/MS of plasma samples from the mice. A heat map
analysis showed that ω-3 treatment significantly increased
the levels of most ω-3 metabolites and reduced those of ω-6
metabolites as compared with controls (Figure 2A and
Supporting Information Table S2). The partial least squares
discriminant analysis (PLS-DA) score plot differentiated the
profiles by comparison with mice with ω-3-supplemented
WTD alone (Figure 2B). Variable importance for prediction
(VIP) scores were calculated from the scores, and the top 10
most significant metabolites are shown on the Y-axis
(Figure 2C and Table 1). To gain an appreciation of the
magnitude and direction of these changes, we plotted a
volcano plot (Figure 2D). The red points indicate mediators
with expression that reached statistical difference by

non-parametric test (log10 of the P-value) and changed by at
least twofold. These data indicate that HEPEs and EEQs, as
metabolites of EPA, may mediate the anti-atherosclerotic ef-
fect of ω-3 in LDLR�/� mice.

LDLR�/�-fat-1tg mice had reduced
atherosclerotic plaque formation and increased
plaque stability
To exclude the lipid-lowering effect of ω-3 in this model, we
examined the development of atherosclerosis in LDLR�/�-
fat-1tg mice fed a WTD. Fat-1tg mice with C. elegans ω-3
desaturase can produce ω-3 endogenously from ω-6. We used
a short-term atherosclerotic study, feeding LDLR�/�-fat-1tg

and LDLR�/� mice a WTD for 6 weeks. Consistent with ω-3
supplementation, fat-1 expression reduced the lesion area of
the atherosclerotic plaque and enhanced plaque stability in
mice (Figure 3A–G) without altering serum lipid levels
(Figure 3H).

The fat-1 transgene altered the profile of PUFA
metabolites endogenously in LDLR�/� mice
To assay the profile of PUFA metabolites, we used LC–MS/MS
to assay the plasma from LDLR�/�-fat-1tg and LDLR�/� mice
fed a WTD. Heat map analysis showed that as compared with
LDLR�/� mice, LDLR�/�-fat-1tg mice showed a modestly in-
creased ω-3 content and decreased ω-6 content (Figure 4A
and Supporting Information Table S3). The PLS-DA score plot
differentiated LDLR�/�-fat-1tg and LDLR�/� mice (Figure 4B),
and VIP scores were calculated to reveal the top 10 most sig-
nificant metabolites (Figure 4C, Table 2) shown in a volcano
plot (Figure 4D). The content was greater for metabolites
derived from EPA by lipoxygenase (11-HEPE) and CYP
(18-HEPE, 17,18-EEQ) than other PUFA compounds.

ω-3 PUFA decreased the expression of
inflammatory genes in the mouse aorta
To analyse the inflammatory response in the mouse aorta, we
assayed the gene expression of pro-inflammatory factors in-
cludingmacrophage markers (CD68, F4/80); endothelial acti-
vation markers intercellular adhesion molecule 1 (ICAM-1),
VCAM-1, E-selectin and P-selectin; interleukins; and CC

Table 1
Profile of lipid mediators in plasma samples in WTD versus WTD + ω-3 fed mice

Compound name FC log2(FC) �log10(P) Concentration (ng·mL�1)

14,15-EEQ 59.02 5.88 8.18 0.056 ± 0.012 versus 3.284 ± 0.521

11-HEPE 60.78 5.93 8.18 0.078 ± 0.014 versus 4.752 ± 1.023

18-HEPE 51.32 5.68 8.18 0.200 ± 0.048 versus 10.262 ± 2.701

11,12-EEQ 33.69 5.07 8.18 0.106 ± 0.016 versus 3.570 ± 0.632

8,9-EEQ 26.78 4.74 8.18 0.134 ± 0.032 versus 3.602 ± 0.613

11,12-DiHETE 22.15 4.47 8.18 5.559 ± 1.058 versus 123.1 ± 17.57

8-HEPE 21.09 4.40 8.18 0.251 ± 0.046 versus 4.945 ± 0.992

17,18-EEQ 43.92 5.46 6.70 0.221 ± 0.050 versus 9.722 ± 1.873

12-HEPE 43.92 5.46 6.35 10.851 ± 2.135 versus 605.7 ± 154.4

14,15-DiHETE 15.48 3.95 5.89 0.725 ± 0.123 versus 11.21 ± 1.243
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chemokines. The expression of CD68, F4/80, ICAM-1,
VCAM-1, IL-1β and TNFα was reduced in aortas of mice fed
the ω-3-supplemented WTD (Figure 5A–H), which suggests

that the ability of ω-3 to attenuate macrophage infiltration
and endothelial activation might mediate its anti-
atherosclerotic effect.

Figure 3
The fat-1 transgene reduced atherosclerotic plaque formation and increased plaque stability but did not alter plasma levels of triglycerel and
cholesterol in LDLR�/�-fat-1tg mice. LDLR�/� and LDLR�/�-fat-1tg mice were fed a WTD for 6 weeks. (A) Representative aortas from each group
with Oil-red O staining (left) and quantification (right) of aortic lesion area by en face staining; each dot represents a single mouse; n = 6 mice
in LDLR�/� group and n = 10 in LDLR�/�-fat-1tg group. Horizontal bars represent mean values; whiskers are SEM. (B) Representative photomicro-
graphs of aortic root sections stained with H&E to calculate lesion area. (C–F) Representative photomicrographs (left) and quantification (right) of
aortic root sections stained with Oil-red O (C), picrosirius red (D), MAC-3 (E) and αSMA (F) in atherosclerotic plaque. Positive area in lesions was
quantified. (G) Vulnerability index of plaques. (H) Quantification of plasma levels of triglycerides and total cholesterol in plasma. (B–H) n = 10 in
each group. Data are mean ± SEM, *P < 0.05 compared to control.
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Macrophages isolated from fat-1tg mice did not
show anti-inflammatory properties
To determine the mechanism responsible for the anti-
atherosclerotic effect of ω-3 supplementation and fat-1 over-
expression, macrophages from LDLR�/� or LDLR�/�-fat-1tg

mice were isolated and treated with LPS. The macrophage

expression of inflammatory factors such as inducible NOS
(iNOS), TNFα, IL-1β, IL-6 and chemokine C-C motif li-
gand 2 (CCL2) in different genotypes was increased by
LPS compared to the PBS control but was comparable in
macrophages from LDLR�/� and LDLR�/�-fat-1tg mice
(Supporting Information Figure S1). Therefore, altered

Figure 4
LDLR�/�-fat-1tg mice showed endogenously altered profile of PUFA metabolites compared with LDLR�/� mice. Mice were treated as in Figure 3.
(A) Heat map showing eicosanoid profile of ω-6 and ω-3 PUFAs in plasma samples from LDLR�/� and LDLR�/�-fat-1tg mice (n = 8 in each group).
PLS-DA scores plot (B) and features (variables) of top 10 metabolites based on VIP scores (C) from PLS-DA. The X-axis shows the correlation scores
and the Y-axis the metabolites. Colour bars showmedian intensity of variables. (D) Volcano plot of PUFA profiling. Red points indicate metabolites
with content that both reached statistical difference by non-parametric test (log10 of the P-value) and were changed by at least twofold (log2).
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PUFA metabolism induced by an overexpression of fat-1 in
macrophages may not contribute to the anti-inflammatory
response in vessels.

18-HEPE and 17,18-EEQ inhibited
TNFα-induced endothelial activation and
monocyte adhesion
EC activation along with monocyte adhesion is considered
the initial step of atherosclerosis. To further explore the pro-
tective effect of ω-3 on atherogenesis, we determined whether
ω-3 could decrease EC activation in response to inflammatory
stimuli. We pretreated HUVECs with EPA or ARA for 24 h be-
fore exposure to TNFα. EPA but not ARA inhibited the TNFα-
induced expression of VCAM-1 in HUVECs (Figure 6A). The
anti-inflammatory effect of EPAwas reversed on pretreatment
with 1-ABT, a general CYP inhibitor, but not indomethacin or
NDGA, inhibitors of the two other pathways, COX or LOX re-
spectively (Figure 6B). Hence, the effect of EPA might depend
on metabolites from the CYP pathway, whose content was
markedly increased in plasma of mice fed ω-3.

To verify this metabolomic finding in vivo, we further
tested the effect of 18-HEPE and 17,18-EEQ, the metabolites
of EPA by CYP epoxygenase. The TNFα-induced mRNA levels
of pro-inflammatory factors such as VCAM-1, E-selectin and
CCL2 were significantly decreased with 18-HEPE or
17,18-EEQ treatment in HUVECs (Figure 6C). Moreover, a
CYP epoxygenase inhibitor, MSPPOH, reduced the effect of
EPA on VCAM-1 expression but failed to reverse the effect of
18-HEPE or 17,18-EEQ (Figure 6D), which suggests the anti-
inflammatory effect of EPA is mediated via the CYP-mediated
metabolites. Correspondingly, the increased monocyte adhe-
sion with TNFα treatment was greatly reduced by pretreat-
ment with both 18-HEPE and 17,18-EEQ (Figure 6E). Thus,
our data suggest that EPA attenuated EC activation via its
metabolites 18-HEPE and 17,18-EEQ.

Anti-inflammatory effect of 18-HEPE and
17,18-EEQ in ECs was via an inhibitory action
on the NF-κB pathway
The NF-κB pathway plays an important role in regulating in-
flammatory responses in various cells (Tabruyn et al., 2009).
For instance, it promotes EC activation and vessel inflamma-
tion (Pan et al., 2011). To determine the mechanism of the

anti-inflammatory effect of 18-HEPE and 17,18-EEQ, we
examined the TNFα-activated NF-κB pathway. TNFα-induced
NF-κB-dependent luciferase activity was attenuated by
18-HEPE and 17,18-EEQ pretreatment in ECs (Figure 7A).
The protein level of phosphorylated p65, a subunit of NF-κ
B, was increased 3.5-fold by TNFα in HUVECs as compared
with the PBS control. Pretreatment with 18-HEPE and
17,18-EEQ significantly reversed the phosphorylation of p65
(Figure 7B). Furthermore, the phosphorylation of IKKα, the
upstream kinase of NF-κB, but not its total protein level, was
decreased by pretreatment with 18-HEPE and 17,18-EEQ, as
was TNFα-stimulated IκBα degradation (Figure 7C). Thus,
our data suggest that 18-HEPE and 17,18-EEQ attenuated EC
activation via an effect on the NF-κB signalling cascade.

Discussion
Endothelial activation is the initial step in atherogenesis;
many metabolites of ARA are pro-inflammatory and play an
important role in this process. However, ω-3 PUFAs, in
contrast, are known to prevent the development of
atherosclerosis via their anti-hypercholesterolaemic and
anti-inflammatory effects, some by regulating endothelial
function (Balestrieri et al., 1996; Dessi et al., 2013). Previous
studies mainly focused on the protective effect of major
components of ω-3, EPA and DHA, on endothelial function
and atherosclerosis, but the effect of the metabolites of ω-3
still remained largely unknown. In this study, we studied
the profiles of ω-6 and ω-3 and their metabolites in plasma
from atheroprone mice, screening specific metabolites by
using unbiased systematic LC–MS/MS. Using pharmacologi-
cal and genetic models, we identified 18-HEPE and
17,18-EEQ as the effective metabolites of ω-3 that mediate
the anti-atherosclerotic effect by inhibiting NF-κB activation
in ECs.

Fish oil and/or ω-3 are well-known efficient lipid-lowering
agents in both humans and in animal models. In this study,
we generated the atherosclerosis model in LDLR�/� mice by
a 6-week atheroprone diet involving ω-3 supplementation
of a WTD. In line with previous studies (Chang et al., 2009),
ω-3 treatment markedly lowered plasma LDL cholesterol
level. Furthermore, monocyte infiltration (marked by CD68
and F4/80) was decreased, with the formation of fewer plaque

Table 2
Profile of lipid mediators in plasma samples in LDLR�/� versus LDLR�/�fat-1tg mice fed a WTD for 6 weeks

Compound name FC log2(FC) �log10(P) Concentration (ng·mL�1)

19,20-EDP 3.60 1.85 3.21 1.779 ± 0.461 versus 6.403 ± 1.892

20-HDoHE 3.60 1.85 3.21 1.407 ± 0.397 versus 5.072 ± 1.814

18-HEPE 3.78 1.92 2.52 0.179 ± 0.052 versus 0.674 ± 0.194

PGF3a 0.48 �1.05 2.33 0.670 ± 0.133 versus 0.324 ± 0.078

16,17-EDP 5.83 2.54 1.55 0.530 ± 0.191 versus 3.091 ± 1.659

17,18-EEQ 3.41 1.77 1.30 0.049 ± 0.043 versus 0.530 ± 0.179

8-HEPE 6.79 2.76 1.19 0.067 ± 0.060 versus 1.463 ± 1.055

11-HEPE 6.85 2.78 1.19 0.075 ± 0.018 versus 0.512 ± 0.380
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Figure 5
Increased the levels of ω-3 metabolites in plasma reduced the expression of pro-inflammatory genes in the mouse aorta. (A–D) Mice were treated
as in Figure 1; (E–H) Mice were treated as in Figure 3. Quantification of mRNA expression of macrophage markers (A, E), endothelial activation
markers (B, F), interleukins (ILs) and CC chemokines (C, D, G, H) in the aorta in mice; n = 6 in each group. Data are mean ± SEM, *P < 0.05 com-
pared to control.
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Figure 6
18-HEPE and 17,18-EEQ derived from EPA reduced endothelial activation and monocyte adhesion. (A) HUVECs were pretreated with ARA
(100 μM) or EPA (100 μM) for 24 h, then exposed to TNFα (0.1 ng·mL�1) for an additional 6 h. (B) HUVECs were pretreated with EPA
(100 μM) with or without 1-ABT (5 μM), indomethacin (IND; 10 μM) or NDGA (10 μM) for 24 h, then with TNFα (0.1 ng·mL�1) for
6 h. (C, D) HUVECs were pretreated with ARA (100 μM), EPA (100 μM), 18-HEPE (1 μM) or 17,18-EEQ (1 μM) with or without MSPPOH
(5 μM) for 24 h, then with TNFα (0.1 ng·mL�1) for 6 h. Cells were then analysed by qPCR for mRNA levels of VCAM1, E-selectin or
CCL2. (E) HUVECs in 6-well plates were pretreated with 18-HEPE (1 μM) or 17,18-EEQ (1 μM) for 24 h, then with TNFα (0.1 ng·mL�1)
for 6 h. BCECF-AM-labelled THP1 cells were added to the EC monolayer and incubated for 30 min. Fluorescence microscopy of the attached
THP1 cells (green). The ratio of adherent THP1 cells to total ECs was measured. Data are mean ± SEM from five independent experiments.
*P < 0.05 versus Ctrl; #P < 0.05 versus TNFα; &P < 0.05 versus TNFα+EPA.
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lesions and reduced stabilization. ApoE�/�-fat-1tg mice
showed no significant differences in plasma total or LDL cho-
lesterol levels (Wan et al., 2010). To exclude the cholesterol-
lowering effect on atherosclerotic lesion formation, we used
fat-1tg mice to further study the role of specific metabolites
in local vessels. WTD-fed LDLR�/�-fat-1tg mice showed re-
duced lesion size and less monocyte infiltration but nearly
equal cholesterol concentration. Consistent with a previous
report of apoE�/�-fat-1tg mice (Wan et al., 2010), our findings
suggest that ω-3 directly protects against the development of
atherosclerosis and this effect is, at least in part, independent
of plasma lipid levels.

The mechanism through which ω-3 supplementation
but not fat-1 transgenic modifications reduce plasma cho-
lesterol level has not yet been clarified. Possibly, the effect
in transgenic mice is compensated for by other changes
during atherosclerosis development. Furthermore, ω-3 sup-
plementation produced a more robust and tight anti-
atherosclerotic phenotype, with higher fold changes in
the levels of 18-HEPE (51.32 vs. 3.78) and 17,18-EEQ
(43.92 vs. 3.41) in our study. Moderately high concentra-
tions of 18-HEPE and 17,18-EEQ may induce a more anti-
inflammatory than lipid-lowering effect.

ω-3 PUFAs are reported to be direct ligands for the reti-
noid X receptor, interact with the FFA4 receptor
(GPR120) or change the ω-6/ω-3 ratio in transducing

signalling to regulate inflammatory cascades (Lengqvist
et al., 2004; Oh et al., 2010; Wan et al., 2010). In addition,
the production of potent anti-inflammatory metabolites was
considered an important factor to achieve the lowest levels
of inflammation with ω-3 treatment. However, because of
limited methods to detect the metabolite profile, the func-
tion of ω-3 metabolites was not clear. In our study, we used
our latest established LC–MS/MS method and identified 56
metabolites with significantly changed expression in mouse
plasma. Among the 56 metabolites in the COX, LOX and
CYP pathways of ω-6 and ω-3, the levels of two specific EPA
metabolites, 18-HEPE and 17,18-EEQ, belonging to the CYP
pathway, were significantly enhanced with both ω-3 treat-
ment and fat-1 overexpression in vivo, which suggests that
they might participate in the anti-atherosclerotic effect of ω-
3. 18-HEPE and 17,18-EEQ can be detected and quantified
in a stable state in mouse and human plasma (Wishart et al.,
2009). In the circulation, 18-HEPE is converted to epoxide in-
termediates via transcellular biosynthesis by sequential ac-
tions of a leukocyte 5-lipoxygenase-like reaction, which
leads to the formation of RvE1. 17,18-EEQ is hydrolyzed to
17,18-DiHETE by soluble epoxide hydrolase. However, the
real half-life of the activity of both metabolites has not been
reported. In addition, the mRNA levels of
monocyte/macrophage markers were significantly decreased
in mice with both ω-3 treatment and fat-1 overexpression as

Figure 7
Anti-inflammatory effect of 18-HEPE and 17,18-EEQ in ECs was through inhibition of the NF-κB pathway. (A) HUVECs cultured to sub-confluence
in 6-well plates were transfected with pNF-κB-TA-luc, and a β-galactosidase plasmid for 24 h, treated with TNFα (0.1 ng·mL�1) and 18-HEPE
(1 μM) or 17,18-EEQ (1 μM) as indicated for another 24 h. Luciferase activity was measured in the cell lysates by a dual luciferase reporter assay
system. (B, C) HUVEC were treated with different concentrations (0.1, 1 μM) of 18-HEPE or 17,18-EEQ for 1 h, then stimulated with TNFα
(0.1 ng·mL�1) for 0.5 h. Western blot analysis of protein expression of IKKα, phospho-IKKα/β (p-IKKα/β), p65, phospho-p65 (p-p65), IκBα and
β-actin. The mean values of the control group were set to 1. The values of other groups were normalized to control group values, represented
as fold or % of control values. Data are mean ± SEM from five independent experiments. *P < 0.05 versus control; #P < 0.05 versus TNFα.
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compared with controls, which implies that monocyte infil-
tration, a critical trigger for atherosclerosis, was reduced with
ω-3 supplementation. EC activation is the main cause of
monocyte adhesion and infiltration. We also found that
EPA attenuated the TNFα-induced expression of inflamma-
tory factors, which was blocked by a CYP epoxygenase inhib-
itor. Finally, the effective metabolites 18-HEPE and 17,18-EEQ
reversed EC activation and subsequent monocyte adhesion
via the NFκB pathway.

EETs, the metabolites of ARA generated by the CYP2C and
2J epoxygenase family, possess cardioprotective functions
(Spector et al., 2004). A clinical study showed that carriers of
CYP2C9 mutant alleles exhibit diminished metabolic capac-
ity and are at increased risk of developing atherosclerosis
(Ercan et al., 2008). The G-50T polymorphism in CYP2J2
may be an important risk factor for the development of coro-
nary heart disease events in African-Americans, whereas ciga-
rette smoking may modify the relationship between the
I264M and K399R polymorphisms in CYP2C8 and the coro-
nary heart disease risk in Caucasians (Lee et al., 2007). The
overexpression of CYP2J2 in apoE�/� mice protected against
WTD-induced atherosclerosis by increasing the production
of EETs, but any change in EEQ levels was not mentioned
(Liu et al., 2016). In our previous studies, we demonstrated
that the development of atherosclerosis can be attenuated
by reducing the anti-inflammatory effect of EET by soluble ep-
oxide hydrolase (sEH) inhibition or sEH deficiency in bone
marrow-derived cells such as monocytes and macrophages,
which suggests that the CYP metabolic pathway is important
for maintaining vessel homeostasis (Li et al., 2016). ω-3 shares
the same enzymes as ARA to produce EEQ. sEH inhibition was
found to increase the level of 17,18-EEQ, whichmodulates in-
flammation and autophagy in obese adipose tissue and liver
(Lopez-Vicario et al., 2015). However, in our study, ω-3 supple-
mentation failed to suppress the inflammatory response to
LPS in macrophages. EETs may be more efficient than EEQs
in reducing the inflammatory response in macrophages, with
ECs showing greater sensitivity to EEQs. These findings have
revealed a new mechanism of the anti-atherosclerotic effect
of ω-3 treatment. Of note, this study was based on a vertebrate
animal study; these results need to be validated in atheroscle-
rotic samples from humans given ω-3 supplements.

In conclusion, we used LC–MS/MS to screen the metabo-
lite profile of ω-3 PUFA in atheroprone diet-treated mouse
models with ω-3 supplementation or fat-1 expression and
identified 18-HEPE and 17,18-EEQ as the main increased me-
tabolites of ω-3. In addition, 18-HEPE and 17,18-EEQ attenu-
ated EC activation via the NF-κB signalling pathway. Our
study suggests potential molecular targets for treating athero-
sclerosis and that ω-3 combined with sEH inhibition might
have an enhanced anti-atherosclerotic effect.
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Figure S1 LPS induced the proinflammatory gene expression
in macrophages from in LDLR�/� and LDLR�/�fat-1tg mice.
Macrophages were isolated from LDLR�/� and LDLR�/�-fat-
1tg mice. Proinflammatory gene expression were measured
of the macrophages after lipopolysaccharide stimulation
(1 ngml-1) for 4 h. n = 5 for each group. Data are mean ± SEM.
Table S1 List of oligonucleotide primer pairs used in qPCR.
Table S2 Comparison of PUFA metabolites in plasma from
LDLR�/� with different diets.
Table S3 Comparison of PUFA metabolites in plasma from
LDLR�/� and LDLR�/�-fat-1tg mice with WTD.
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