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ORIGINAL ARTICLE
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Abstract Oat bran is suggested to attenuate atheroscle-
rotic conditions by regulating dyslipidemia, endothelial
function, and oxidative damage. Through the measurement
of oxidized polyunsaturated fatty acid (PUFA), oxidative
stress, and inflammation status in liver and heart tissues of
apolipoprotein E−/− (ApoE−/−), mice fed with high fat diet
(HFD) or HFD with oat bran (HFD + Oat) were investi-
gated. Using liquid chromatography tandem mass spec-
trometry (LC–MS/MS), PUFA and over 40 types of its
oxidized products were assessed. The HFD + Oat group
had augmented adrenic acid (ADA), eicosapentaenoic acid
(EPA), and docosahexaenoic acid (DHA) and suppressed
n-3 docosapentaenoic acid levels in the liver tissues com-
pared to the HFD group. Arachidonic acid (ARA) and
α-linolenic acid (ALA) levels were elevated and ADA was
suppressed in the heart tissues of the HFD + Oat group
compared to the HFD group. Furthermore, enzymatically
mediated oxidized ARA product levels (9-, 11- and
20-HETE [hydroxyeicosatetraenoic acid], and PGF2α) were

augmented and those of the oxidized DHA products (4-, 7-,
10-, 11-, 13-, and 14-HDHA [hydroxy-docosahexaenoic
acid]) were reduced in the liver tissues of the HFD + Oat
group. It also increased 17-F2t-dihomo-isoprostane and
7-F2t-dihomo-isofuran derived from nonenzymatic oxida-
tion of ADA in the heart and liver tissues, and those from
ALA namely 16-F1t-phytoprostane and 16(RS)-13-epi-
STΔ14-9-phytofuran. Our study showed oat bran to be a
weak antioxidant and lacked anti-inflammatory properties
in atherosclerotic mice. Elevation of oxidized PUFA prod-
ucts that are potentially proinflammatory and vasoconstric-
tors (HETE, PGF2α) with simultaneous reduction of those
that are anti-inflammatory (HDHA) may not be desirable in
the pathogenesis of atherosclerosis.
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GAPDH Glyceraldegyde-3-phospahte
dehydrogenase

HEK Human embryonic kidney
HETE hydroxyeicosatetraenoic acid
HDHA hydroxy-docosahexaenoic acid
HFD high fat diet
IL1β Interleukin-1-beta
IsoF isofuran
IsoP isoprostane
LC–MS/MS liquid chromatography tandem mass

spectrometry
LNA linoleic acid
LOX lipoxygenase
NADPH Nicotinamide adenine dinucleotide phosphate
NeuroF neurofuran
NeuroP neuroprostane
NFκB Nuclear factor kappa-light-chain-enhancer

of activated B cells
O2

– superoxide
Phox phagocyte oxidase
PhytoP phytoprostane
PFA paraformaldehyde
PPAR α peroxisome proliferator-activated receptor

alpha
PUFA polyunsaturated fatty acid
RIPA Radioimmunoprecipitation assay buffer
ROS reactive oxygen species
RT room temperature
SMC smooth muscle cell
SPE solid phase extraction
TNFα Tumor necrosis factor alpha
VED vascular endothelial dysfunction
VCAM vascular cellular adhesion molecule

Introduction

Progression of atherosclerosis is complex that involves
multiple components including vascular endothelial dys-
function (VED), oxidative stress, inflammation, and dysli-
pidemia such as elevated blood triacylglycerols. Due to the
high fiber content, oat is widely recommended in the diet to
prevent atherosclerosis. However, oat also contains a con-
siderable amount of polyunsaturated fatty acids (PUFA)
(Gornas et al., 2016) that are essential to human lipid func-
tion. PUFA are prone to enzymatic or nonenzymatic oxida-
tion by the prevailing in vivo reactive oxygen species
(ROS) and release oxidized PUFA products that have func-
tional roles to human health (Galano et al., 2017).
ROS is one cause of VED (Sacerdoti et al., 2015) that

contributes to hypertension and atherosclerosis develop-
ment (Griendling et al., 2000). In vitro studies indicate that
ROS such as superoxide (O2

•−) from nicotinamide adenine

dinucleotide phosphate (NADPH) oxidases is linked to vas-
cular smooth muscle cell (SMC) growth (Zafari et al.,
1998) and elevated NADPH oxidase-phagocyte oxidase
(phox) expression is associated with hypertension and ath-
erosclerosis (Weber et al., 2005).
The action of nonenzymatic oxidation via free radical/

ROS on n-6 PUFA leads to the release of F2-isoprostanes
(F2-IsoP) and F2-dihomo-isoprostanes (F2-dihomo-IsoP) from
arachidonic acid (ARA) and adrenic acid (ADA), respec-
tively. Products of n-3 PUFA include phytoprostanes
(PhytoP) from α-linolenic acid (ALA), neuroprostanes
(NeuroP) from docosahexaenoic acid (DHA), F3-isoprostanes
(F3-IsoP) from eicosapentaenoic acid (EPA), and F3-Iso-
PDPAn-3 from docosapentaenoic acid (DPAn-3) (Demion
et al., 2017; Galano et al., 2017; Joumard-Cubizolles et al.,
2017). Under extreme oxidative stress and/or high oxygen
tension (>21%), the furanoid form of these oxidized PUFA
products is generated (Cuyamendous et al., 2016).
Insofar, it is known that oxidized products of n-6 PUFA

are toxic and those of n-3 PUFA are potentially bioactive
(Galano et al., 2017; Roy et al., 2017b). Elevation of IsoP
in human is related to inflammation and cardiovascular dis-
eases. It also exerts vasoconstriction (Cracowski and Dur-
and, 2006), platelet activation (Greaves et al., 2003), and
monocyte adhesion (Kumar et al., 2005) properties, induce
proliferation of endothelial and smooth muscle cells (Yura
et al., 1999), and enhance vascular reperfusion damage
after myocardial infarction (Greaves et al., 2003). Nonethe-
less, dihomo-IsoP are recognized to be biomarkers for early
diagnosis of Rett Syndrome and epilepsy (De Felice et al.,
2011; Medina et al., 2015), while NeuroP are noted to pro-
tect heart ischemic reperfusion, show antiarrhythmic prop-
erties, and to be a viable predictor of atherosclerosis risk
(Gladine et al., 2014; Roy et al., 2015, 2017a).
PUFA are also substrates for enzymatic oxidation via

cyclooxygenases (COX), lipoxygenases (LOX), or cyto-
chrome (CYP) monooxygenases (Hwang, 2000; Zeldin,
2001). COX-mediated metabolites of ARA (Smith et al.,
1996) are viewed to be proinflammatory in coronary thrombo-
sis and chemotaxis responses, whereas LOX-mediated metab-
olites of ARA are known to have proinflammatory properties
related to vascular permeability and vasoconstriction (Hwang,
2000). Furthermore, CYP catalyze the NADPH-dependent
oxidation (Zeldin, 2001) and release metabolites of ARA that
are related to calcium channel signaling in hypertension (Oliw
and Sprecher, 1991). In contrast, LOX metabolites of DHA
including neuroprotectin D1 and the precursor hydroxy-
docosahexaenoic acid (HDHA) have anti-inflammatory prop-
erties in vascular disease models (Serhan et al., 2008).
In this study, it is postulated that oat bran rich in PUFA

takes part in attenuating atherosclerotic conditions by regu-
lating oxidative stress and inflammation by the oxidized
PUFA products released.
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Materials and Methods

Animal Feeding

Standard diet (AIN-93G Research Diet Inc., New Bruns-
wick, NJ, USA) was fed to apolipoprotein E−/− (ApoE−/−)
female mice (Jackson Laboratory, Bar Harbor, ME, USA)
for the first 4 weeks of weaning to ensure normal develop-
ment. Thereafter, the mice were fed with high fat diet
(HFD, n = 10) or HFD with oat bran (HFD + Oat, n = 10)
for 16 weeks. The HFD constituting of solid milk fat (20%)
and corn oil (1%) of the diet (Table 1) were added in the
feed to accelerate atherosclerosis development. The oat
bran added to the HFD was provided by the VTT Technical
Research Center of Finland.
The mice were kept in ventilated cages at 23–24 �C and

60–70% relative humidity on a 12-h day/night cycle. Water

and the diet were given ad libitum and sacrificed in a non-
fasted state. From weeks 4 to 20, the bodyweight gain was
recorded weekly. The experimentations were approved by
Department of Health, Hong Kong and the Committee on
the Use of Live Animals in Teaching and Research
(CULATR no. 2932-13), The University of Hong Kong.

Blood Cholesterol and Triacylglycerols

Blood samples were taken at inferior vena cava before
(4 weeks old) and after (20 weeks old) feeding periods in
EDTA tubes, centrifuged at 1000 × g for 5 min for plasma
separation, and then stored at −80 �C. Assay kits were used
to determine total cholesterol and triacylglycerol levels in
the plasma (Cayman Chemical, Ann Arbor, MI, USA).

Atherosclerotic Plaque Size

The mice aortic tree was immediately perfused with 4%
paraformaldehyde (PFA) after sacrifice. One set (n = 10)
was incubated overnight in PFA, then transferred into dis-
tilled water and stored at 4 �C. Afterward, it was stained
with Sudan IV dye and analyzed using the ImageJ software
(USA) to quantify the surface area of the total aortic tree
and total plaque lesions.
Another set (n = 10) of PFA perfused aortic trees was

fixed at −20 �C. Dissections of 10 μm were made at −17
�C using a cryostat. The slides were dried and stained with
Oil Red O and then visualized under a light microscope
with a photo attachment (Nikon 80i, Japan). The sections
were analyzed to calculate the percentage of the plaque area
(stained red) using the ImageJ software.

P22phox Determination of the Aortic Root

A set of slides (n = 10) prepared above was immunostained
for p22phox expression. They were rehydrated in wash
buffer for 10 min and then incubated in blocking buffer
(10% horse serum, Life Technologies, Carlsbad, CA, USA)
for 30 min at room temperature (RT). The sections were
then incubated overnight in a diluted primary antibody
p22phox (1:200) (Santa Cruz, Dallas, TX, USA) at 4 �C. In
brief, for immunodetection, the biotinylated antirabbit anti-
body (Vector Laboratory Inc. Burlingame, CA, USA) was
added to each section and incubated in RT, then fluorescent
Alexa Fluor 488 dye (Thermo Fisher Scientific, Waltham,
MA, USA) was added and incubated at RT. The counter-
stain DAPI (40,6-diamidino-2-phenylindole, Life Technolo-
gies, USA) was added and incubated in RT. The sections
were washed and semidried before placing in an antifade/
mounting medium (Life Technologies, Carlsbad, CA,
USA). The slides were visualized using the Zeiss LSM
710 Confocal Microscope (Darmstadt, Germany). The

Table 1 The diet composition of high fat diet (HFD) and HFD + oat
provided to the experimental apolipoprotein E−/− (ApoE−/−) mice

HFD HFD + Oat

Diet D12079B D13011703

Product g g

Protein 174.3 210.4

Carbohydrate 491 577.0

Fat 212.2 229.4

Cholesterol 2.1 1.9

Fiber 50 51

Ingredients g g

Oat bran (containing β-Glucan) 0 (0) 800 (51)

Cellulose 50 50

Casein 30 mesh 195 195

L-Cysteine 0 0

L-Tryptophan 0.3 0.5

DL-Methionine 3 3

Corn starch 50 0

Maltodextrin 10 100 100

Sucrose 341 341

Mill fat (Butter) anhydrous 200 200

Corn oil 10 10

Soybean oil 0 0

Mineral mix S10001 35 35

Mineral mix S10022G 0 0

Calcium carbonate 4 4

Vitamin mix V1001 10 10

Vitamin mix V10037 0 0

Choline bitartrate 2 2

Cholesterol 1.5 1.5

t-Butylhydroquinone 0 0

Ethoxyquin 0.04 0.04
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argon laser was set at 488 nm to excite the Alexa Fluor
fluorochromes and the pinhole of 1 airy unit was used. The
fluorescent intensity was measured using the ZEN software
(Zeiss, Darmstadt, Germany).

Vascular Endothelial Function

The whole aortic tree tissues were homogenized in 100 μL
radioimmunoprecipitation assay buffer (RIPA) buffer
(Sigma-Aldrich, St. Louis, MO, USA) with 0.01% protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and
centrifuged at 16,000 × g for 5 min. The protein concentra-
tion was determined using the DC Protein Assay (Bio-Rad,
Hercules, CA, USA) and bovine serum albumin (Sigma-
Aldrich, St. Louis, MO, USA) was used as the standard.
Equal concentrations of protein were subjected to electro-

phoresis on 10% acrylamide/bis gels (Bio-Rad, Hercules,
CA, USA). The proteins were then transferred onto a nitro-
cellulose membrane (Amersham Biosciences, Freiburg, Ger-
many). The following antibodies were used for detection;
vascular cell adhesion molecule-1 (VCAM-1, 1:1000), endo-
thelial nitric oxide synthase (eNOS, 1:1000) (Cell Signaling
Technology, Danvers, MA, USA), and C-reactive protein
(CRP, 1:2000) (Abcam, Eugene, CA, USA).
Glyceraldehyde-3-phospahte dehydrogenase (GAPDH,
1:1000) (Cell Signaling Technology, Danvers, MA, USA)
was used as the loading control. The proteins were detected
with goat antimouse (1:5000) or goat antirabbit (1:5000)
(Abcam, Eugene, CA, USA) peroxidase-linked secondary
antibodies. For visualization, the western ECL substrate (Bio-
Rad, Hercules, CA, USA) was added, and the blots were
quantified using the ChemiDoc XRS+ imaging system and
software (Bio-Rad, Hercules, CA, USA).

Lipid Extraction

Lipid portion of the liver and heart tissues was extracted
using the following Folch method (Folch et al., 1957) with
modification. In brief, 0.5 mg was homogenized (T25 Ultra-
Turrax, Germany) in ice-cold Folch solution with 0.01%
(w/v) BHT at 24,000 rpm. Aqueous 0.9% NaCl was added,
mixed, and then centrifuged at 3000 × g for 10 min at 4 �C.
The organic phase was dried and hydrolyzed for solid phase
extraction (SPE). The mixed-mode, anionic exchange,
reversed-phase, SPE cartridges (60 mg MAX Oasis, Waters,
Milford, MA, USA) were washed with methanol and condi-
tioned with 20 mM formic acid (pH 4.6). The sample was
loaded and then washed with 2% ammonium hydroxide fol-
lowed by methanol: 20 mM formic acid (pH 4.6) mix
(40:60 v/v). Thereafter, the PUFA and its oxidized products
were finally eluted with hexane followed by hexane/ethanol/
acetic acid (70:29.5/0.05 v/v). The collected samples were
completely dried under nitrogen gas and reconstituted in

methanol with a mix of internal standards (Table S1, Sup-
porting information) prepared in methanol, then enclosed
with nitrogen gas to prevent any degradation and immedi-
ately analyzed using liquid chromatography tandem mass
spectrometry (LC–MS/MS).

Lipid Analysis using LC–MS/MS

Concentration of PUFA and its oxidized products was deter-
mined using the LC–MS/MS consisting of a MS/MS 3200
QTRAP system (Sciex, Framingham, MA, USA) and a
1290 Infinity LC system (Agilent, Santa Clara, CA, USA)
with a C18 column (2.6 μm particle size, 150 × 2.1 mm,
Phenomenex, Torrance, CA, USA). The analytes were
detected by MS/MS using multiple reaction monitoring
according to (Lai et al., 2017) and Table S1. MS/MS was set
at electrospray ionization mode, the source temperature was
500 �C, and the capillary temperature was 250 �C. ARA,
ADA, ALA, DPAn-3, EPA, and DHA and its oxidized prod-
ucts namely prostaglandins, hydroxyeicosatetraenoic acids
(5-, 8-, 9-, 11-, 12-, 15-, and 20-HETE), hydroxy-DHA (4-,
7-, 8-, 10-, 11-, 13-, 14-, 16-, 17-, and 20-HDHA), neuropro-
tectin D1, prostaglandin F2α, isoprostanoids (IsoP, dihomo-
IsoP, NeuroP, and PhytoP), and isofuranoids (IsoF, dihomo-
IsoF, PhytoF, and NeuroF) were quantified by relating their
chromatographic peak areas to their corresponding heavy-
labeled internal standard peak area. The percentage of SPE
recovery of all internal standards ranged from 83% to 104%
and the % RSD were below 10%. The intraday precision of
the analysis ranged from 95% to 102% and the RSD was
below 10%. Analytes without a corresponding heavy-labeled
isotope were quantified using the one with the closest chemi-
cal structure. Details of m/z of each analyte and the internal
standard used are described in Table S1 and the typical mass
spectra of a standard compound are found in Fig. S1. Of
note, 33 out of 42 types of oxidized PUFA products mea-
sured were detected in the tissues using the LC–MS/MS
method. Only those observed are noted in the results.

Statistics

All data are evaluated using GraphPad Prism (Version
6.01, San Diego, CA, USA). Values are expressed as
mean � SD. Student’s unpaired t-test was performed where
p < 0.05 was considered significant.

Results

Feed Intake, Bodyweight Gain, and Plasma Analysis

The amount of feed intake by the mice and the rate of
bodyweight gain did not differ between HFD and
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HFD + Oat groups during the feeding period (Fig. 1).
Plasma total cholesterol and triacylglycerol levels were sig-
nificantly elevated after the feeding period, and the levels
were similar between HFD and HFD + Oat groups
(Table 2).

Plaque Area and Vascular Endothelial Function of the
Aortic Tree and Root

The plaque area of the aortic root, aortic root including
endothelial lining, and aortic tree were significantly
reduced in the HFD + Oat group compared to the HFD
group (Fig. 2). Also, the HFD + Oat group displayed a
trend of p22phox upregulation (p < 0.06) in the aortic root
compared to the HFD group. Endothelial functions as mea-
sured by CRP, VCAM-1, and eNOS levels were not
reduced by HFD + Oat (Fig. 2).

PUFA and its Oxidized Products

The addition of oat to the HFD altered the PUFA metab-
olism where ADA, EPA, and DHA were significantly
elevated and DPAn-3 suppressed in the liver tissues com-
pared to HFD diet. Levels of ARA and ALA were not
altered. In the heart tissues, ARA and ALA were signifi-
cantly elevated and ADA was suppressed in the
HFD + Oat group compared to the HFD group (Fig. 3)
while no changes were observed in EPA, DPAn-3, and
DHA levels.
Compared to the HFD group, the HFD + Oat group sig-

nificantly modified oxidized ARA products released
through enzymatic oxidation in the tissues (Table 3). Liver
and heart tissue levels of 9-HETE, 20-HETE, and PGF2α
were augmented in the HFD + Oat group compared to the
HFD group, and 5-HETE, 8-HETE, and 15-HETE levels
were suppressed in the liver tissues. There was no signifi-
cant change in levels of 12- HETE between HFD + Oat
and HFD groups in liver and heart tissues, and 5-, 8-, 11-,
and 15-HETE levels in the heart tissues.
Levels of oxidized DHA products namely 11- and

14-HDHA were significantly lower in the liver and heart
tissues of the HFD + Oat group compared to the HFD
group while 4-, 7-, 10-, and 13-HDHA, and NPD1 were
lower in the liver tissues and 4-, 10-, and 17-HDHA were
higher in the heart tissues. No change was found between
HFD and HFD + Oat groups in liver and heart tissues for
8-HDHA levels, and 17-HDHA levels in the liver tissues
and 7-HDHA, 13-HDHA, and NPD1 levels in the heart tis-
sues (Table 3).
Concentrations of the oxidized PUFA products medi-

ated nonenzymatically were also different in the
HFD + Oat group compared to the HFD group (Table 4).
The novel oxidative stress biomarker 15-F2t-IsoP derived
from ARA was augmented in the heart tissues of the
HFD + Oat group compared to the HFD group. There
was no significant change in 15-F2t-IsoP levels in the liver
tissues and 5-F2t-IsoP levels in both liver and hearth tis-
sues. Levels of 17-F2t-dihomo-IsoP and 7-F2t-dihomo-IsoF
derived from ADA of the HFD + Oat group were
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Fig. 1 Average daily food intake (a) and bodyweight gained (b) by
the apolipoprotein E−/− (ApoE−/−) mice over 16 weeks period fed
with high fat diet (HFD) and HFD with oat bran (HFD + oat). Values
are mean � SD (n = 10)

Table 2 Plasma total cholesterol and triacylglycerol levels after
16 weeks of oat diet

Diet HFD HFD + Oat

Total cholesterol
(mM)

Before 3.81 � 1.35 2.70 � 0.71

After 6.32 � 1.08*** 6.69 � 0.86***

Triacylglycerol
(mg/dL)

Before 125.80 � 32.10 161.46 � 44.07

After 271.67 � 55.63*** 263.58 � 44.43***

Values are mean � SD (n = 10).

***p < 0.0001 before versus after.
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elevated significantly in heart and liver tissues compared
to the HFD group.
Concentrations of ent-16-F1t-PhytoP and 16(RS)-13-epi-

ST-Δ14-9-PhytoF derived from ALA were significantly ele-
vated in both liver and heart tissues of the HFD + Oat
group compared to the HFD group. Moreover, 9-F1-PhytoP
levels decreased and 16-epi-16-B1-PhytoP increased in the
liver tissues but F1-PhytoP levels increased and 16-epi-
16-B1-PhytoP decreased in the heart tissues of the Oat
+HFD group compared to the HFD group. 9-D1-PhytoP

and 9-L1-PhytoP levels were unaffected by HFD + Oat diet
compared to HFD (Table 4),
Levels of 20-HDHA derived from DHA oxidation were

significantly elevated only in the liver tissues of the
HFD + Oat group compared to the HFD group while
4-(RS)-4-F4t-NeuroP, neurofuran (NeuroF), and 4(RS)-ST-
Δ5-8-NeuroF were significantly reduced in the heart tissues
(Table 4).
16-HDHA and 10-F4t-NeuroP levels were not altered in

the liver and heart tissues of the HFD + Oat group compared

Fig. 2 The effects of dietary intake (16 weeks) on the plaque area in the aortic tree and root of apolipoprotein E−/− (ApoE−/−) mice. (a) Whole
aortic root stained with oil red O dye. Magnification 20X with measuring scale bar of 200 μm; (b) Whole aortic tree stained with Sudan IV dye
for plaque area. Measuring scale represented as 10 mm; (c) plaque area measured in (b); (d) p22phox expression in the aortic root smooth muscle
cells; (e) endothelial function markers expressed normalized to glyceraldegyde-3-phospahte dehydrogenase (GAPDH). Values expressed as
mean � SD for (a–e) (n = 10). Significance annotated are *p < 0.05, **p < 0.01 and ***p < 0.0001
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to the HFD group, and 4-(RS)-4-F4t-NeuroP, NeuroF. and 4
(RS)-ST-Δ5-8-NeuroF levels in the liver tissues.

Discussion

Oat bran is claimed to have antiatherogenic properties by
attenuating oxidative stress and inflammation. It is sug-
gested to be a rich source of antioxidants (phytic acid,
tocopherols, polyphenolic compounds, flavonoids, and
polymeric lignins) and PUFA mainly n-6 PUFA, linoleic
acid (LNA), n-3 PUFA, and ALA (Andersson and Hell-
strand, 2012; Gornas et al., 2016). However, due to the
skipped diene double bonds in the structure of PUFA, it is
prone to oxidation in in vivo under oxidative stress (Galano
et al., 2017). The resulting oxidized products such as those
derived from n-6 PUFA induced and those from n-3 PUFA
reduced inflammatory cytokines (Serhan et al., 2015) and
CRP (Vollmer-Conna et al., 2015). Isoprostanes (IsoP) par-
ticularly 5-F2t-IsoP and 15-F2t-IsoP released by nonenzy-
matic oxidation of ARA are known to be valuable
biomarkers of oxidative stress, where an increase is associ-
ated with numerous diseases (Galano et al., 2017). Interest-
ingly, the levels were not alleviated in the HFD + Oat
group compared to HFD indicating that the mice were
potentially under continuous oxidative stress throughout
the experimental period, in particular the heart. Notwith-
standing, triggering 15-F2t-IsoP, as shown in the heart tis-
sue of the Oat+HFD group, could affect endothelial
functions and cause vasoconstriction. Elevated 15-F2t-IsoP
is suggested to be associated with vascular diseases such as
stroke and hypertension diseases (Galano et al., 2017).
Indeed, this study is the first to assess the regulation of

PUFA and its oxidized products by oat bran in the liver and
heart tissues of atherosclerotic mice. It was shown previ-
ously that ApoE−/− mice bred with fat-1 transgenic mice
(characterized by hypercholesterolemia and high n-3 PUFA
tissue levels) had reduced n-6/n-3 PUFA ratios, reduced
plaque lesion area size, and reduced proinflammatory, che-
moattractants, and adhesion molecules in three sites, the
aorta, monocytes, and plasma (Wan et al., 2010) indicating
the importance of PUFA balance particularly the lowering
of n-6 PUFA for healthy heart condition. Our findings
showed a change in n-6/n-3 PUFA ratios where it was
dominantly altered by n-3 PUFA in the liver and n-6 PUFA
in the heart with HFD + Oat diet. This was not anticipated
considering LNA the precursor of ARA is much more
abundant than ALA, the precursor of DHA in oat bran
(Gornas et al., 2016). Oat bran consumption with HFD
changed the dynamics of the PUFA metabolism where in
the liver, both ALA and LNA converted to DHA and ARA,
respectively, in vivo significantly, and perhaps the ARA
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Fig. 3 Concentration of polyunsaturated fatty acids (PUFA) in liver
(n = 10) and heart (n = 5) tissues of apolipoprotein E−/− (ApoE−/−)
mice after 16 weeks of diet given. Values are expressed as μmoles per
gram wet weight and column bars are mean � SD. Significance anno-
tated are *p < 0.05 and **p < 0.01. ARA, arachidonic acid; ADA,
adrenic acid; ALA, α-linolenic acid; EPA, eicosapentaenoic acid; n-3
DPAn-3, n-3 type docosapentaenoic acid; DHA, docosahexaenoic acid
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formed rapidly elongated to ADA as well as transported to
the heart. This suggests a competition of Δ6 desaturase and
Δ5 desaturase enzymes, shared in the PUFA metabolism
existed for the conversion and uptake of ARA and DHA
(Burdge and Calder, 2005; Goyens et al., 2006).
Nonetheless, our assessment was not performed directly

on the aortic plaque and it appears that fatty-acid regulation
is more complex in ApoE−/− mice when under oxidative
stress and inflammation for example cigarette smoke where
other fatty-acid lipid species such as sterol lipids, sphingoli-
pids, and glycerophospholipids that were not considered in
this study were modified in the atherosclerotic plaque
(Sasso et al., 2016). Nevertheless, the uptake of PUFA may
also be attributed to the limited 8-HETE level in the liver
of the HFD + Oat group. 8-HETE is able to upregulate per-
oxisome proliferator-activated receptor alpha (PPAR α) and

promote uptake, utilization, and metabolism of fatty acids
in rats (Forman et al., 1997).
The role of PUFA in the heart tissue that is the myocar-

dium, is vital for energy, where approximately 60–70% of
the energy is derived from mitochondrial oxidation of fatty
acids to allow normal heart contraction to take place (Van
der Vusse et al., 2000). Of the oxidized PUFA products,
F4-NeuroP from DHA are the most promising bioactive
molecules mediated by free radical/ROS oxidation. In par-
ticular, 4-F4t-NeuroP displayed antiarrhythmic effects in
cellulo and in vivo, and protected ischemia–reperfusion
injury in mice during myocardial infarction (Roy et al.,
2015, 2017a). In addition, 4-F4t-NeuroP is proposed to
reduce atherosclerosis risk (Gladine et al., 2014) and prod-
ucts formed from nonenzymatic oxidation of DHA to have
anti-inflammatory effects (Sethi et al., 1996). Addition of

Table 3 The effect of oat diet in liver and heart tissue: Enzymatic oxidized metabolites of polyunsaturated fatty acids released through the action
of cyclooxygenase (COX), lipoxygenase (LOX) or cytochrome P450 (CYP) detected by liquid chromatography tandem mass spectrometry (LC–
MS/MS)

Liver Heart

HFD HFD + Oat HFD HFD + Oat

Arachidonic acid

COX-mediated
PGF2α 0.59 � 0.11 2.31 � 0.23*** 0.81 � 0.12† 1.51 � 0.28†,***

LOX-mediated
5-HETE 4.66 � 1.42 2.68 � 1.27*** 0.21 � 0.07 0.20 � 0.05

12-HETE 48.98 � 12.23 47.57 � 9.37 26.88 � 3.66 50.43 � 5.88***

15-HETE 1.08 � 0.32 0.74 � 0.19* 1.55 � 0.28 1.77 � 0.26

CYP-mediated
8-HETE 4.66 � 1.42 2.68 � 1.27*** 0.70 � 0.19 0.80 � 0.18

9-HETE 0.42 � 0.03 2.94 � 0.52*** 0.40 � 0.01 1.36 � 0.27***

11-HETE 14.71 � 2.77 31.18 � 5.65*** 24.79 � 4.18 31.16 � 5.18

20-HETE 1.22 � 0.21 2.88 � 0.40*** 1.84 � 0.34 3.03 � 0.72**

Docosahexaenoic acid

COX-mediated
13-HDHA 48.46 � 15.09^ 24.70 � 9.40 ,̂*** 0.11 � 0.03 0.08 � 0.03

LOX-mediated
4-HDHA 265.86 � 117.57^ 19.22 � 9.06**,^ 28.37 � 6.13 57.00 � 6.20***

7-HDHA 48.12 � 14.82^ 114.27 � 68.79 ,̂*** 0.08 � 0.01 0.08 � 0.02

8-HDHA 1.92 � 0.38 2.24 � 0.65 3.65 � 1.13 3.10 � 0.74

10-HDHA 2.31 � 0.53 0.35 � 0.10*** 4.71 � 0.49 14.84 � 2.13***

11-HDHA 0.12 � 0.02 0.05 � 0.01*** 0.17 � 0.02† 0.08 � 0.01†,***

14-HDHA 0.38 � 0.05 0.22 � 0.08** 0.07 � 0.02† 0.03 � 0.01†,***

17-HDHA 1.81 � 0.43 1.50 � 0.41 0.43 � 0.10† 2.73 � 0.37†,***

NPD1 0.34 � 0.07 Trace*** 0.19 � 0.14 0.16 � 0.04

Concentrations of the metabolites are expressed as μg/g except those annotated †are ng/g tissue wet weight or ^are pg/g tissue wet weight. Values
are mean � SD, n = 10 for liver and n = 5 for heart tissues. Trace indicates levels >1 pg/g tissue wet weight. HFD, high fat diet; PGF2α, prosta-
glandin 2α; HETE, hydroxyeicosatetraenoic acid; HDHA, hydroxy-docosahexaenoic acid.

*p < 0.05 versus HFD.

**p < 0.01 versus HFD.

***p < 0.0001 versus HFD.
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oat bran to HFD in atherosclerotic mice diet in fact reduced
4-F4t-NeuroP in the heart tissues and this observation com-
plements with the elevated 15-F2t-IsoP. The increase of
15-F2t-IsoP lowered vascular activity that is enhanced vaso-
constriction and simultaneously disrupted heart muscle
function through the reduced 4-F4t-NeuroP release in the
HFD + Oat group. In addition, the supply of oxygen
appeared to be limited in the heart tissues as shown by the
decrease in NeuroF, which is released when the oxygen
tension is above 21% (~ above 760 mmHg). Insofar, Neu-
roF has been associated with oxidative injury in the cere-
bral cortex (Solberg et al., 2012) and little is known for its
role in the heart function. Even though further evaluations
are required, oat bran does not appear to benefit vascular
function in atherosclerotic condition.
Although the addition of oat to HFD enhanced DHA

levels in the liver, it dysregulated products mediated by
enzymatic oxidation. Notably, 14-HDHA was suppressed
in the liver and heart tissues but 17-HDHA was upregu-
lated in the heart tissues. These are known mediators that

take part in the release of proresolving biomarkers like
maresins, resolvins, and protectins to “resolve” inflamma-
tion by reducing cytokines such as tumor necrosis factor
alpha (TNFα), interleukin-1-beta (IL1β), and nuclear fac-
tor kappa-light-chain-enhancer of activated B cells
(NFκB) (Serhan et al., 2008, 2015). In spite of this,
4-HDHA that is proposed to be antiangiogenic (Sapieha
et al., 2011) was upregulated in the heart tissue but not
liver tissues in the HFD + Oat group compared to the
HFD group. Furthermore, 15-HETE derived from enzy-
matic ARA oxidation, which is suggested to be a vasocon-
strictor and eliminate inflammatory response, was also
inhibited in the liver tissues of the HFD + Oat group com-
pared to the HFD group. Instead, our study showed
11-HETE to be induced in liver tissues of the HFD + Oat
group, which in part may be a symptomatic response for
atherosclerosis (Zu et al., 2016). Notwithstanding,
20-HETE was elevated in the liver and heart tissues of the
Oat+HFD group, which further disputes the benefit of oat
bran in atherosclerosis. 20-HETE is a proinflammatory

Table 4 The effect of oat diet in liver and heart tissue: Nonenzymatic oxidized metabolites of polyunsaturated fatty acids are released through
the action of free radical/reactive oxygen species (ROS)

Liver Heart

HFD HFD + Oat HFD HFD + Oat

Arachidonic acid

5-F2t-IsoP 0.45 � 0.13 0.41 � 0.12 0.03 � 0.01 0.03 � 0.01

15-F2t-IsoP 0.30 � 0.11 0.34 � 0.16 0.38 � 0.16 0.90 � 0.19**

Adrenic acid

17-F2t-Dihomo-IsoP 10.58 � 3.11 26.77 � 13.49*** 11.78 � 1.01† 29.89 � 3.22†,***

7-F2t-Dihomo-IsoF 2.36 � 0.53 8.52 � 4.44*** 0.19 � 0.130 0.68 � 0.21**

α-Linolenic acid
9-D1-PhytoP 0.47 � 0.07 0.37 � 0.06** 0.50 � 0.08 0.43 � 0.15

9-F1-PhytoP 1.21 � 0.21 0.46 � 0.10*** 0.02 � 0.01 0.03 � 0.01*

9-L1-PhytoP 0.14 � 0.09 0.22 � 0.08 0.54 � 0.13 0.45 � 0.11

16-epi-16-B1-PhytoP 0.18 � 0.09 0.44 � 0.08*** 0.95 � 0.11 0.69 � 0.18*

Ent-16-F1t-PhytoP 0.18 � 0.03 0.64 � 0.10*** 0.17 � 0.03 0.48 � 0.12***

16(RS)-13-epi-ST Δ14-9-PhytoF 0.20 � 0.04 0.60 � 0.10*** 0.45 � 0.12 1.47 � 0.28***

Docosahexaenoic acid

16-HDHA 0.15 � 0.03 0.16 � 0.03 0.27 � 0.08 0.35 � 0.10

20-HDHA 0.44 � 0.15 0.12 � 0.04*** 0.32 � 0.13 0.29 � 0.06

4(RS)-4-F4t-NeuroP 0.19 � 0.04 0.23 � 0.06 1.06 � 0.23 0.74 � 0.16*

10-F4t-NeuroP Trace Trace Trace Trace

NeuroF 11.03 � 3.80 12.60 � 2.94 8.93 � 1.10 3.61 � 0.64***

4(RS)-ST-Δ5-8-NeuroF 7.44 � 1.48 6.98 � 1.62 5.55 � 1.08 1.71 � 0.22***

Concentrations of the metabolites are expressed as μg/g except those annotated † are ng/g tissue wet weight. Values are mean � SD, n = 10 for
liver and n = 5 for heart tissues. Trace indicates levels >1 pg/g tissue wet weight. HFD, high fat diet; IsoP, isoprostane; NeuroP, neuroprostane;
NeuroF, neurofuran; HDHA, hydroxy-docosahexaenoic acid.

*p < 0.05 versus HFD.

**p < 0.01 versus HFD.

***p < 0.0001 versus HFD.
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biomarker and a potent vasoconstrictor where an increase
is associated with several vascular diseases such as hyper-
tension, cerebrovascular diseases, and coronary heart dis-
ease (Jamieson et al., 2017).
There has been strong evidence to show that dietary

and circulating ALA can reduce the risk of coronary vas-
cular disease (Pan et al., 2012). Nonenzymatic oxidation
of ALA results in the release of PhytoP (Jahn et al.,
2008) that exhibits potent anti-inflammatory properties in
human embryonic kidney (HEK) cells and RAW 264.7
macrophages, and apoptosis-inducing activities in Jurkat
T cells (Karg et al., 2007). One of the PhytoP, 16-epi-
16-B1-PhytoP, detected in the tissues of our study was
reported to be neuroprotective in human neuroblastoma
cells by reducing oxidative stress (Minghetti
et al., 2014).
In in vivo, intake of ALA-rich flaxseed oil increased

plasma and urine F1-PhytoP levels in healthy human. F1-
PhytoP is proposed to be absorbed and circulated in plasma
as conjugated form before being excreted as free acid
(Barden et al., 2009; Karg et al., 2007). Of note, the
increased ALA in the heart tissues of the HFD + Oat group
may have contributed to the release of ent-16-F1t-PhytoP,
16(RS)-13-epi-ST Δ14-9-PhytoF, and 9-F1-PhytoP. Such
observation was not seen in the liver tissues. To date,
limited reports have been available on the biological
functions of PhytoP in in vivo. Insofar, only one in vitro
study (Gutermuth et al., 2007) perceived that 16-F1t-
PhytoP can act like thromboxane A2 to trigger reversible
platelet aggregation suggesting that 16-F1t-PhytoP ele-
vation in the HFD + Oat group may be beneficial to
atherosclerosis.
Furthermore, our observation clearly showed liver and

heart tissue levels of nonenzymatically mediated oxi-
dized ADA products, namely 17-F2t-dihomo-IsoP and
7-F2t-dihomo-IsoF to be induced in the HFD + Oat
group compared to HFD. The role of dihomo-IsoP and
dihomo-IsoF from ADA in atherosclerosis is not clear.
Both products were identified in the heart tissue of Spra-
gue Dawley rats where among the isofuranoids mea-
sured, 7-F2t-dihomo-IsoF was dominant (de la Torre
et al., 2015).
Indeed, the poor response by the oat bran in regulating

systemic cholesterol and triacylglycerol was unexpected. It
may be due to an insufficient feeding time (16 vs
24 weeks) compared to other studies (Ryan et al., 2017).
Also, other lipid species and pathways such as cholesterol
metabolism that is related to the pathogenesis were not con-
sidered in our assessment. Other aspect that is worthy to
consider in future study is the role of fiber and β-glucan in
the oat bran that are claimed to improve the gut micro-
biome, which can indirectly improve atherosclerotic symp-
toms (Ryan et al., 2017).

In conclusion, this study for the first time elucidates
the oxidized PUFA products in the liver and heart tissues
of ApoE−/− mice when fed with oat bran. Oat bran is
claimed to be health performing through antioxidative
and anti-inflammatory actions. Our observation failed to
see these properties in atherosclerotic mice and instead it
encouraged the elevation of proinflammatory and vaso-
constricting oxidized products of n-6 PUFA with simul-
taneous reduction of anti-inflammatory oxidized
products of n-3 PUFA. As a consequence, this may not
be advantageous in the pathogenesis of atherosclerosis
when observing PUFA-oxidative stress relationship in
the metabolism.
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