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Abstract

Introduction—Several supplementation studies with long-chain omega-3 polyunsaturated fatty
acids (LC n-3 PUFA) describe an increase of EPA-derived hydroxy, epoxy and dihydroxy fatty
acids in blood, while changes in levels of other LC n-3 and n-6 PUFA-derived oxylipins were
minor. In order to investigate the kinetics of changes in oxylipin levels in response to LC n-3
PUFA ingestion, we conducted a single dose treatment study with healthy subjects.

Subjects and methods—In the present kinetic study, we compared patterns of hydroxy, epoxy
and dihydroxy fatty acids in plasma of 6 healthy men before and after 6, 8, 24, and 48 h of fish oil
(1008 mg EPA and 672 mg DHA) ingestion. Levels of EPA- as well as other LC PUFA-derived
hydroxy, epoxy and dihydroxy fatty acids were analyzed in plasma by LC-MS. Additionally,
levels of these oxylipins were compared with their parent PUFA levels in plasma phospholipids.

Results—All EPA-derived oxylipin levels were significantly increased 6 h after LC n-3 PUFA
ingestion and gradually drop thereafter reaching the baseline levels about 48 h after treatment. The
relative increase in EPA plasma phospholipid levels highly correlated with the increase of plasma
EPA-derived oxylipin levels at different time points. In contrast, plasma levels of arachidonic
acid- and DHA-derived oxylipins as well as parent PUFA levels in plasma phospholipids were
hardly changed.

Discussion and conclusions—Our findings demonstrate that a single dose of LC n-3 PUFAs
can rapidly induce a shift in the EPA oxylipin profile of healthy subjects within a few hours.
Taking the high biological activity of the EPA-derived epoxy fatty acids into account, even short-
term treatment with LC n-3 PUFAs may cause systemic effects, which warrant further
investigation.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Long-chain omega-3 and omega-6 polyunsaturated fatty acids (LC n-6 and n-3 PUFA) are
precursors for oxygenated metabolites. These oxylipins function as bioactive lipid mediators
regulating inflammation, pain, cell proliferation, apoptosis, tissue repair, blood coagulation,
blood vessel permeability and other biological functions [1,2]. It is believed that many
actions of the LC n-3 PUFA eicosapentaenoic acid (EPA C20:5 n-3) and docosahexaenoic
acid (DHA C22:6 n-3) are mediated by their corresponding oxidation products [3-5].
Oxidized PUFA metabolites originate from enzymatically catalyzed reactions involving
cyclooxygenases [6] e.g. the large class of prostaglandines, peroxidation by lipoxygenases
(5-LOX, 12-LOX and 15-LOX) [7,8], as well as hydroxylation and epoxidation by
cytochrome p450 enzymes (CYPs, e.g. CYP2J2) [9,10]. Moreover, several of these lipid
mediators are formed in multistep reactions, such as dihydroxy FA by CYP mediated
formation of epoxides and subsequent hydrolysis by soluble epoxide hydrolase (sEH) [11]
or generation of different prostaglandins by COX and several other enzymes i.e. PGE2-
synthases [2]. In addition, autoxidation can also form a multitude of LC n-3 and n-6 PUFA
metabolites [12-14].

While the formation and biology of arachidonic acid (AA C20:4n-6) derived oxylipins,
especially potent prostanoids such as PGE2 [2], has been intensively studied during the past
40 years, fewer information is available about the formation, biological role and potency of
hydroxy, epoxy and dihydroxy FA from EPA and DHA. Recent studies have shown that
particularly epoxy FA from LC n-3 PUFA act as lipid mediators which could be responsible
for some of the cardio-protective effects attributed to LC n-3 PUFA [15-17]. For example,
the epoxides 17(18)-EpETE and 19(20)-EpDPE possess potent anti-arrhythmic [15],
vasodilatory [16] and anti-thrombotic effects [17]. Moreover, it was recently shown, that
DHA derived epoxides inhibit angiogenesis, tumor growth, and metastasis [18].

To better understand the biological role of hydroxy, epoxy and dihydroxy FA in health and
disease, it is important to study the biosynthetic pathways of LC PUFA and these oxylipins
in response to an increased intake of LC n-3 PUFA via the diet. A few human pilot studies
showed that supplementation with LC n-3 PUFA over a few weeks results in increased total
(sum of free and esterified) plasma levels of EPA and DHA oxylipins as well as free EPA
and DHA oxylipin levels in serum [19-22]. The shift in circulating EPA and DHA oxylipins
appears to be dependent on the initial LC n-3 PUFA status particularly for EPA [20].
Furthermore, the levels of AA-derived hydroxy, epoxy and dihydroxy FA were also
modulated in response to LC n-3 PUFA treatment [19,20]. Many questions on the formation
of oxylipins in response to LC n-3 PUFA treatment remain to be answered. For example,
duration of treatment and required dose to affect hydroxy, epoxy and dihydroxy FA patterns
is unknown. There are also no data on the kinetics of hydroxy, epoxy and dihydroxy FA
following LC n-3 PUFA ingestion.
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In the present study we examined the effect of a single LC n-3 PUFA dose on hydroxy,
epoxy, and dihydroxy FA patterns in plasma (sum of free and esterified oxylipins) of six
healthy subjects at different time points. Moreover, we compared changes in hydroxy,
epoxy, and dihydroxy FA levels with changes in parent PUFA levels in plasma
phospholipids, a marker for the individual PUFA status.

2. Materials and methods

This investigator initiated study was designed and conducted according to the principles of
the Good Clinical Practice Guidelines laid down in the Declaration of Helsinki and was
approved by an ethics committee Freiburg Ethics Commission International.

2.1. Subjects

Healthy young men were recruited from the general population by an advertisement. The
inclusion criteria for participating in the study were male gender, an age between 20 and 50
years and a body mass index (BMI) between 20 and 28 kg/m?2. Diagnosis or suspicion of
gastrointestinal disorders, high intake of oily fish (>2 times per week), intake of dietary
supplements (e.g. n-3 PUFA, phytosterols, polyglucosamin) and intake of lipid-lowering
drugs two month before and during intervention were defined as exclusion criteria. Inclusion
and exclusion criteria were assessed via structured questionnaires. Subjects were instructed
to avoid foods rich in n-3 PUFA 4 weeks before the intervention day to minimize variability
in LC-PUFA status and blood levels. Restricted foods included fish, seafood, and alpha-
linolenic acid (ALA, 18:3n-3)-rich vegetable oils such as linseed oil. Six healthy male
volunteers were included in the study. The study collective (mean age 33 £ 5 years) was
slightly overweight (25 + 2.7 kg/m?) and showed a normal serum lipid profile (Table 1). All
included subjects gave their written informed consent to take part in the study.

2.2. Study design

During the intervention day, subjects ingested fish oil capsules at 7:00 a.m. after an
overnight fast. Each capsule contained 252 mg EPA and 168 mg DHA as re-esterified
triacylglycerides obtained from Dr. Loges + Co. GmbH (Winsen, Germany), a
pharmaceutical company. Subjects were instructed to ingest four capsules resulting in a total
dose of 1008 mg EPA and 672 mg DHA. Capsules were given together with a standardized
breakfast that contained 30.1 g of fat, 29.6 g of protein, 67.9 g of carbohydrate, and 2.7 MJ
of energy. The total fat intake (breakfast + capsules) was 33.5 g. During the intervention
day, subjects consumed standardized meals over 24 h, which were personally adjusted
according to weight. Meals were consumed 3, 5, 7, 10, 12, and 24 h after capsule ingestion.
Blood samples were taken initially (predose at baseline) and 6, 8, 24, and 48 h after capsule
intake. The subjects were allowed to drink water during the intervention day, no further food
or other drinks were consumed.

2.3. Blood sample collection

Plasma samples were obtained by venipuncture of an arm vein into EDTA-monovettes
(Sarstedt, Germany). For plasma preparation, blood samples were directly centrifuged (2000
g, 10 min, 10 °C), and plasma taken off. Serum samples were obtained by venipuncture of
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an arm vein into 10 ml BD Vacutainer Blood Collection Tubes (Becton Dickinson,
Heidelberg, Germany). After 30 min incubation at room temperature, tubes were centrifuged
for 10 min at 2000 x g and serum was transferred into 15 mL falcon tubes (Becton
Dickinson). Prepared samples were stored at =80 °C upon analysis or shipment to external
laboratory, where samples were shipped to on ice. Serum lipid levels were determined by
the LADR laboratory, Hannover, Germany.

2.4. Fatty acid and oxylipin analyses in plasma

Plasma phospholipid FA composition was analyzed in an external laboratory (Omegametrix
GmbH, Minchen, Germany) as described previously [23] with minor modifications. Lipids
were extracted using the method of Bligh and Dyer (1959) [24], and phospholipids were
purified by use of a Sep-Pak C-18 mini cartridge (Waters, Eschborn, Germany). FA methyl
esters were formed by acid hydrolysis, and were analyzed by capillary gas-liquid
chromatography with flame ionization detection (FID) on a GC2010 Gas Chromatograph
(Shimadzu, Duisburg, Germany) equipped with a SP2560, 100-m column, (Supelco,
Bellefonte, PA) using hydrogen as carrier gas. FA were identified by comparison with a FA
standard mixture. Results are expressed as % of total FA in plasma PL.

In order to determine all hydroxy, epoxy and dihydroxy FAs present in plasma including
those esterified in triglycerides, e.g. in lipoproteins [25], bound oxylipins were liberated by
saponification as described [26]. For saponification, 250 pl plasma were mixed with an
equal volume of MeOH. After addition of 300 puL aqueous sodium hydroxide (10 M) the
samples were incubated at 60 °C for 1 h. The samples were placed on ice and neutralized by
addition of 275 pL acetic acid (50%). The pH of each solution was checked and adjusted to
6—7 and the samples were centrifuged (20,000 x g 10 min 4 °C) and extracted by solid phase
extraction and quantified by liquid chromatography—electrospray ionization tandem mass
spectrometry (LC-ESI-MS) as described [27].

2.5. Data analysis and statistics

3. Results

Results for anthropometrical measures and serum lipid levels are presented as mean + SD
(Table 1), while phospholipid FA levels and oxylipin levels in plasma are presented as mean
+ SE. Changes in the variables (v) were calculated for each time point (x) as A%, calculated
by: A% = 100 * (viy — Vig)/Vio. All variables of the sample sets were analyzed for normal
distribution by the Kolmogorov—Smirnov test. Differences between baseline (t0) levels and
different time points after capsule ingestion (t6, t8, t24, t48) were analyzed by ANOVA for
repeated measurements with acceptance of statistical significance at p < 0.05. To determine
statistical significance between baseline levels and each time point, t-tests for paired samples
after Bonferroni correction were carried out. All statistical analyses were carried out with
SPSS software (Version 21, SPSS Inc., Chicago, IL, USA).

The LC n-3 PUFA capsules were well tolerated. Blood samples were drawn from all
subjects at all six time points. All variables were normally distributed.
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3.1. Fatty acid composition of plasma phospholipids

The course of LC-PUFA levels in plasma phospholipid as well as levels of corresponding
hydroxy, epoxy and dihydroxy FA in plasma are shown in Fig. 1 (EPA), Fig. 2 (DHA), and
Fig. 3 (AA). EPA levels were significantly increased with treatment at all time points and
showed a u-shaped profile (Fig. 1A). Highest EPA levels - with an increase by 113% from
baseline - were observed 8 h after LC n-3 PUFA capsule ingestion. Whereas ALA levels
were significantly decreased (Table S1), DHA levels decreased initially and increased 24
and 48 h after LC n-3 PUFA treatment (Fig. 2A). Neither linoleic acid (LA, 18:2n-6) levels
(Table S1) nor AA levels (Fig. 3A) were altered by LC n-3 PUFA treatment. Changes in
LA, AA and DHA content in plasma lipids were not significant.

3.2. Plasma oxylipin levels

Levels of total hydroxy, epoxy and dihydroxy FA after liberation of ester-bound oxylipins at
baseline and the different time points are shown in Figs. 1-3(B—C) and Table S2-S6. All
EPA-derived hydroxy, epoxy and dihydroxy FA levels were significantly increased (> 80%
except 11(12)-EpETE) 6 h after LC n-3 PUFA ingestion and gradually declined thereafter.
Compared to baseline, levels of all EPA oxylipins were still significantly increased by >50%
8 and 24 h post-treatment (except 11,12-DiHETE and 14,15-DiHETE at t8 and 8,9-
DiHETE, 14,15-DIHETE and 17,18-DIHETE at t24), while concentrations approximately
reach baseline again after 48 h. The relative increase in EPA plasma phospholipid levels
highly correlated with the increase of plasma EPA-derived oxylipin levels at different time
points (Table S7). Regarding the absolute concentration, the levels of HEPEs were increased
up to 6.27 + 0.41 nM (12-HEPE, t6), of EpETES up to 2.48 + 0.29 nM (17(18)-EpETE, t6)
and of DIHETEs up to 0.71 £ 0.06 nM (17,18-DIiHETE, t6). These levels were 5-20 fold
lower than the AA derived oxylipin concentrations at baseline ranging between 30 and 100
nM for HETES, 11-13 nM for EpETrEs and 0.8-3.0 nM for DIHETTEs (Fig. 1, Table S1).

The supplementation with LC n-3 PUFA hardly changed levels of AA- and DHA-derived
oxylipins, similar to the parent FA levels in plasma PL. Except 11(12)-EpETTE all AA-
derived hydroxy and epoxy FA showed a similar profile in the course of time: During time
point t6 and t8, levels were decreased and slightly elevated at t24 and dropped again at t48.
AA-derived dihydroxy FA were generally lowered in comparison to baseline levels.
However, with a few exceptions all described changes in concentrations were not
significant.

DHA-derived epoxy FA were slightly elevated (10-40%) during all four time points,
however, variations between subjects were high and changes were not significant. The
differences of DHA-derived dihydroxy FA levels were inconsistent (increase and decrease)
between different oxylipins with inter-individual variations and no significant changes of
concentrations were observed. Only 7,8-DiHDPE showed a decrease in concentrations (15—
20%) at all time points, which was significant at t6, t8 and t24.

4. Discussion

Dietary long-chain (LC) n-3 PUFA have gained increasing attention as preventive and
therapeutic agents in chronic inflammatory diseases such as rheumatoid arthritis [28],
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neuropsychiatric diseases [29,30], atherosclerosis and cardiovascular diseases [31,32].
However, the underlying molecular mechanisms by which LC n-3 PUFA exert their effects
are versatile and not completely understood. It is believed that many actions of LC n-3
PUFA are mediated by their bioactive lipid metabolites [3-5]. In the mammalian body LC
PUFA undergo oxygenation to form oxylipins—including the important class of eicosanoids
(C20), which serve as important lipid mediators in multiple physiological and
pathophysiological processes [2]. Only few studies investigated the effect of LC n-3 PUFA
supplementation on patterns of hydroxy, epoxy and dihydroxy FA in human blood [19-22].
Following a long-term treatment of several weeks, in all studies a considerable increase of
EPA-derived hydroxy, epoxy and dihydroxy FA levels were observed, while the increase of
DHA-metabolites was minor. Moreover, the LC n-3 PUFA supplementation caused an
inconsistent reduction of ALA- and AA-derived oxylipin levels [19-22]. No information
about the short time effects of LC n-3 PUFA supplementation on the oxylipin pattern or the
kinetics of the observed shifts are available.

The findings of the present study demonstrate that even a single dose of an LC n-3 PUFA
rich fish oil can induce a shift in the hydroxy, epoxy and dihydroxy FA profile of healthy
subjects within a few hours. The determined levels of all EPA-derived metabolites were
significantly elevated. The shift in EPA oxylipins highly correlated with the increase of
relative EPA levels in plasma phospholipids suggesting that the formation of hydroxy,
epoxy and dihydroxy EPA directly depends on the substrate. The concentration of 5-HEPE,
12-HEPE and 15-HEPE, which can be formed by 5-LOX, 12-LOX and 15-LOX
respectively [27], were increased by 80-100%. Interestingly, 8-HEPE, for which no
enzymatically formation is described so far, was elevated to the same extend, suggesting that
autoxidation plays an important role for the observed formation of the HEPESs. The epoxy-
EPAs and dihydroxy-EPAs were elevated relatively to the same extend reaching a maximal
concentration of 2-3 nM (Fig. 1). Here, the formation of 17(18)-EpETE and its hydrolysis
product 17,18-DIiHETE prevailed over the formation of the other regioisomers. This is well
in line with preference of the CYP2J and CYP2 for epoxidizing the double bound at position
n-3 [26], indicating that these metabolites are formed enzymatically in the CYP pathway of
the AA cascade. Several CYP enzymes prefer DHA and EPA as substrate, for example the
turnover rates CYP2J2 are 4-fold (DHA) to 17-fold (EPA) higher compared to AA [26].
This might also explain why the relative increase in the EPA epoxides is more pronounced
than in the EPA levels (Fig. 1). However, based on this data, the route of formation of the
formed hydroxy, epoxy and dihydroxy FA cannot be elucidated. Thus, all formation routes
have to be considered, which are, for example, for the class of epoxides aside from CYP
action, hemoglobin catalyzed formation and autoxidation [33].

Regardless the route of formation, the strong increase of these oxylipins could be of
biological relevance, since n-3 epoxy FA such as 17(18)-EpETE act as potent cardio-
protective and analgesic mediators. Because hydroxy, epoxy and dihydroxy FA levels in
plasma were analyzed after saponification, it is also impossible to distinguish, whether the
plasma concentration of the free or esterified EPA-derived hydroxy, epoxy and dihydroxy
FA are elevated. From animal studies it is known that >90% of whole plasma hydroxy,
epoxy and dihydroxy FA, particularly, the epoxy FA are esterified in cell lipids such as
phospholipids and triglycerides [34,35]. However, comparing free serum and plasma
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oxylipin levels of healthy human subjects with those after conjugated cleavage, several free
n-6 and n-3 oxylipins, particularly dihydroxy FA, were observed in the same range [27].
Thus, the increase of EPA-derived hydroxy, epoxy, and dihydroxy FA levels, as observed in
this study, might be the result of an increase of both free and esterified oxylipins.

In contrast to EPA, changes in relative DHA and AA levels in plasma phospholipids as well
as corresponding plasma oxylipin concentrations were minor and inconsistent. Although
subjects ingested a dose of 672 mg DHA, the changes in relative DHA levels in plasma
phospholipids were negligible and only tend to increase after 24 and 48 h (not significant).
Beside a lower dose compared to EPA (1008 mg), this can be most likely explained by the
high level of DHA at baseline compared to EPA. The same reason is likely to be responsible
for the unchanged levels of AA in plasma phospholipids. Initial AA levels in plasma
phospholipids were 12-times higher compared to EPA. In long-term studies it is a well-
known that EPA + DHA supplementation results in decreased AA blood levels [36].
However, the single dose of EPA + DHA in this study seems to be insufficient to reduce AA
content in plasma phospholipids. However, although AA levels in plasma phospholipids
were unchanged, there seems to be a trend for decreased AA oxylipin levels 6 and 8 h after
capsule ingestion (significant for dihydroxy-AAs, Fig. 3). These findings might be the result
of a displacement of AA as substrate for converting enzymes by EPA.

5. Conclusion

Our results demonstrate that plasma levels of EPA-derived oxylipins are induced within a
few hours in response to a single treatment with LC n-3 PUFA suggesting a fast conversion
to hydroxy, epoxy and dihydroxy FA metabolites. In contrast, the effect on DHA-levels in
plasma phospholipids as well as DHA oxylipin levels in plasma was moderate and absent.
Taking the high biological activity of n-3 epoxy FA into account, future studies should be
taken out investigating the kinetics of the shifts in comprehensive oxylipin patterns in
repeated LC n-3 PUFA supplementation over several days. Particularly, modulation of
endogenous patterns of oxidized LC n-3 and n-6 PUFA in different compartments such as
free and esterified oxylipins in phospholipids, triglycerides of lipoproteins as well as cell
membranes in blood cells and tissues has to be elucidated.
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Abbreviations

AA arachidonic acid

ALA alpha-linoleic acid

COX cyclooxy-genase

CYP cytochrome P450

DHA docosahexaenic acid

DiHDPE dihydroxy docosapentaenoic acid

DIHETE dihydroxy eicosatetraenoic acid

EPA eicosapen-taenoic acid

EpDPE epoxy docosapentaenoic acid

EpETE epoxy eicosatetraenoic acid

EpETrE epoxy eicosatrienoic acid

FA fatty acid

HEPE hydroxy eicosapen-taenoic acid

LC long-chain

LOX lipoxygenase

n-3 omega-3

n-6 omega-6

PL phospholipids

PUFA polyunsaturated fatty acid
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Change of the concentration of eicosapentaenoic acid (EPA, C20:5n-3) in plasma
phospholipids and EPA-derived oxylipins in plasma after a single dose LC n-3 PUFA
treatment. For each analyte the concentration at different time points (t0-t48) as well as the
relative-change compared to baseline (t0) is presented. (A) Relative EPA content in plasma
phospholipids; (B-D) concentration of oxylipins in plasma: (B) hydroxy FA, (C) epoxy FA
and (D) dihydroxy FA. All results are shown as mean + SE. By ANOVA for repeated
measurements, *p < 0.0125, **p < 0.005, ***p < 0.001 by t-tests for paired samples.
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Change of the concentration of docosahexaenoic acid (DHA, C22:6n-3) in plasma
phospholipids and DHA-derived oxylipins in plasma after a single dose LC n-3 PUFA
treatment. For each analyte the concentration at different time points (t0-t48) as well as the
relative-change compared to baseline (t0) is presented. (A) Relative DHA content in plasma
phospholipids; (B-D) concentration of oxylipins in plasma: (B) hydroxy FA, (C) epoxy FA
and (D) dihydroxy FA. All results are shown as mean + SE. By ANOVA for repeated
measurements, *p < 0.0125, **p < 0.005, ***p < 0.001 by t-tests for paired samples.
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Change of the concentration of arachidonic acid (AA, C20:4n-6) in plasma phospholipids
and AA-derived oxylipins in plasma after a single dose LC n-3 PUFA treatment. For each
analyte the concentration at different time points (t0-t48) as well as the relative-change

compared to baseline (t0) is presented. (A) Relative AA content in plasma phospholipids;

(B-D) concentration of oxylipins in plasma: (B) hydroxy FA, (C) epoxy FA and (D)

dihydroxy FA. All results are shown as mean + SE. By ANOVA for repeated

measurements, *p < 0.0125, **p < 0.005, ***p < 0.001 by t-tests for paired samples.
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Subjects characteristics and fasting serum lipid levels at baseline.

Table 1

Mean+SD  Minimum  Maximum

Age [years]
Weight [kg]
BMI [kg/m?]
TC [mmol/1]
TAG [mmol/l]
LDL [mmol/l]
HDL [mmol/I]

33+4.7
81.1+121
2527
51+09
15+0.6
29+0.8
15+0.2

LDL/HDL quotient 1.9+04

26
67.7
22
3.9
1.0
2.0
11
15

36
99.4
29
6.4
3.0
3.9
1.8
25

TC, total cholesterol; TAG, triacylglycerides.
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