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Effect of dietary EPA and DHA on murine blood
and liver fatty acid profile and liver oxylipin pattern
depending on high and low dietary n6-PUFA+}
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The intake of long-chain n3-polyunsaturated fatty acids (PUFA), which are associated with beneficial
health effects, is low in the Western diet, while the portion of dietary n6-PUFA and hence the n6/n3-
PUFA ratio is high. Strategies to improve the n3-PUFA status are n3-PUFA supplementation and/or lower-
ing n6-PUFA intake. In the present study, mice were fed with two different sunflower oil-based control
diets rich in linoleic (n6-high) or oleic acid (n6-low), either with low n3-PUFA content (~0.02%) as control
or with ~0.6% eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA). The n6-low diet had only
little or no effect on levels of arachidonic acid (ARA) and its free oxylipins in liver tissue. Supplementation
with EPA or DHA lowered ARA levels with an effect size of n6-high < n6-low. Blood cell %EPA + DHA
reached >8% and >11% in n6-high and n6-low groups, respectively. Elevation of EPA levels and EPA
derived oxylipins was most pronounced in n6-low groups in liver tissue, while levels of DHA and DHA
derived oxylipins were generally unaffected by the background diet. While the n6-low diet alone had no
effect on blood and liver tissue ARA levels or n3-PUFA status, a supplementation of EPA or DHA was more
effective in combination with an n6-low diet. Thus, supplementation of long-chain n3-PUFA combined
with a reduction of dietary n6-PUFA is the most effective way to improve the endogenous n3-PUFA

rsc.li/food-function status.

1. Introduction

Polyunsaturated fatty acids (PUFA) of the n3- and n6-family are
essential nutrients because humans and most mammals do
not possess the A12- and A15-desaturases.’ Therefore, FA lino-
leic acid (LA, C18:2n6) and alpha-linolenic acid (ALA, C18:3n3)
that are contained in e.g. plant seeds and nuts must be sup-
plied by the diet and can be elongated/desaturated to long-
chain PUFA of the n6- and n3-family, which are crucial as con-
stituents of cell membranes and precursors for bioactive lipid
mediators.” Attention has been paid to the positive effects of
long-chain n3-PUFA eicosapentaenoic acid (EPA, C20:5n3) and
docosahexaenoic acid (DHA, C22:6n3) and their health impli-
cations, e.g. in cardiovascular disease® and inflammatory pro-
cesses,” while effects exerted by ALA are usually less pro-
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nounced.’ At least a part of the beneficial health effects of EPA
and DHA are mediated by their eicosanoids and other oxyli-
pins or shifts in the overall oxylipin profile. These bioactive
lipid mediators are formed within the arachidonic acid (ARA,
C20:4n6) cascade via three major enzymatic pathways and
autoxidation. PUFA are converted by cyclooxygenases (COX) to
prostanoids, i.e. prostaglandins and thromboxanes, however,
also hydro(pero)xy PUFA formation can be catalyzed by COX
enzymes. Lipoxygenases (LOX) are dioxygenases that lead to
the formation of regio- and stereo-specific hydro(pero)xy fatty
acids depending on the LOX isoform as well as leukotrienes
and other multiple hydroxylated PUFA derivatives. Cytochrome
P450 monooxygenases (CYP) are involved in the formation of
terminal and mid-chain hydroxy PUFA as well as cis-epoxy
PUFA, which can be enzymatically hydrolyzed by the soluble
epoxide hydrolases (SEH) to the corresponding vicinal dihy-
droxy PUFA.®’” Moreover, oxylipins can be formed by autoxida-
tive processes leading to the formation of a vast number of
prostaglandin-like isoprostanes and isofuranes, hydro(pero)xy
fatty acids as well as cis- and trans-epoxy PUFA.>°

Due to low EPA + DHA intake and relatively inefficient con-
version of ALA to EPA and DHA in humans on a Western diet,
blood and tissue levels of EPA + DHA are low.>'® At the same
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time, there is an increased ingestion of n6-PUFA, e.g. due to
consumption of plant oils rich in LA such as corn, sunflower
or soybean oil leading to a high n6/n3-PUFA ratio in industrial-
ized countries.'’ Although PUFA consumption is associated
with beneficial effects such as lowering serum cholesterol,""
high levels of n6-PUFA might favor the incorporation of ARA
into blood/tissue phospholipids resulting in a high capacity
for the formation of ARA derived, predominantly pro-inflam-
matory lipid mediators.”>"® Similarly, supplementation with
long-chain n3-PUFA EPA and DHA increases both the endogen-
ous levels of these PUFA as well as their oxylipins in a dose-
response manner."*"> Moreover, due to competition for enzy-
matic conversion, n3-PUFA interventions may reduce the for-
mation of ARA and other n6-PUFA derived oxylipins."® For
example, in mice and rats dietary EPA and DHA induced a
shift in the overall tissue oxylipin profile by decreasing ARA
derived oxylipins and increasing n3-PUFA  derived
oxylipins.'®'” Several oxylipins synthesized from EPA or DHA
exert less inflammatory activity compared to those from ARA,
e.g. EPA derived LTB; vs. ARA derived LTB,® or are directly
involved in the resolution of inflammation, e.g. EPA and DHA
derived specialized pro-resolving mediators (SPMs)."°

Balancing dietary n6- and n3-PUFA and thereby endogen-
ous n6- and n3-PUFA levels as well as their oxylipins may have
positive implications for human health, e.g. in the context of
cardiovascular disease.'® Modulation of the dietary né/n3-
PUFA ratio can be achieved by different LA/ALA ratios in order
to increase the EPA + DHA status.”® However, elevation of long-
chain n3-PUFA levels is more effective, when EPA and/or DHA
are supplemented directly”* and low intake of (competing) né-
PUFA could augment n3-PUFA uptake in blood and tissue lipid
pools. In fact, increased n3-PUFA levels were observed in
human erythrocytes and plasma when dietary LA was low and
further  elevated when  combined with  n3-PUFA
supplementation.”>?* A combination of EPA + DHA sup-
plementation with saturated fat resulted in a similar decrease
of ARA and a more pronounced increase of EPA erythrocyte
levels compared to a combination with an n6-PUFA-rich diet.**
Instead of increasing the intake of saturated fatty acids (SFA),
dietary n6-PUFA can also be replaced by monounsaturated
fatty acids (MUFA), such as oleic acid (OA, C18:1n9), which is
contained in large amounts in e.g. olive oil. For example, lower
ARA phospholipid levels when comparing dietary n6-PUFA-
rich diets with olive oil-rich diets have been observed in mice*”
and rats.”® Hence, a combination of MUFA and n3-PUFA is a
promising approach in order to diminish excessive n6-PUFA
intake, to reach a more balanced n6/n3-PUFA ratio and thereby
increasing n3-PUFA bioavailability.

In order to get a deeper and more mechanistic understand-
ing in how a combination of dietary MUFA (OA) supplemented
with EPA or DHA affects tissue levels of n3- and n6-PUFA as
well as the free oxylipins derived from those FA, we fed mice
two different sunflower oil-based background diets (rich in LA
or rich in OA) and supplemented either EPA or DHA. This
background diet was chosen in order to keep influences from
dietary n3-PUFA (e.g. ALA) minimal, maintain tissue SFA rela-
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tively constant and accept little influence related to the fat
origin and other ingredients (e.g. antioxidants and polyphe-
nols from olive oil). However, results using animal models
may not be (completely) transferable to humans. Mice differ
from humans regarding their FA and oxylipin metabolism. For
example, mice can elongate and desaturate ALA more efficien-
tly to EPA and DHA than humans.>” Thus, in the present study
we used diets, which were low in ALA in order to assign
observed effects to EPA/DHA administration rather than an
efficient elongation/desaturation of ALA. It should be noted
that this leads to a very low n3-PUFA content in the control
groups. Analysis of a comprehensive set of both FA and free
oxylipins allows to draw profound conclusions on how a back-
ground diet rich in LA or OA affects FA metabolism, how the
tissue FA and oxylipin pattern can be further modified by a
moderate dose of EPA or DHA and if the lowering n6-PUFA
intake, n3-PUFA supplementation or a combination of both is
most effective in improving the blood and tissue n3-PUFA
status.

2. Material and methods
2.1 Chemicals

HPLC-grade methanol (MeOH) and methyl tert-butyl ether
(MTBE, Acros Organics) as well as LC-MS grade MeOH, aceto-
nitrile (ACN) and acetic acid (HOAc) were purchased from
Fisher Scientific (Schwerte, Germany). Ammonium acetate was
purchased from Merck (Darmstadt, Germany), potassium car-
bonate, ethyl acetate and acetyl chloride were obtained from
Sigma Aldrich (Schnelldorf, Germany). Disodium hydrogen
phosphate and n-hexane were obtained from Carl Roth
(Karlsruhe, Germany). Oxylipin standard substances and
deuterated internal oxylipin standards were purchased from
Cayman Chemicals via local distributor Biomol (Hamburg,
Germany), E-series resolvins RvE2, 18(S)-RvE3 and 18(R)-RvVE3
were a kind gift of the lab of Makoto Arita (RIKEN Center for
Integrative Medical Sciences, Japan), methyl pentacosanoate
(FAME C25:0) was obtained from Santa Cruz Biotechnology
(Heidelberg, Germany). PCR primers were purchased from
Cayman Chemicals via local distributor Biomol (Hamburg,
Germany).

2.2 Animal experiment

Three weeks old female NMRI (Navar Medical Research
Institute) mice were purchased from Charles River (Sulzbach,
Germany). For this study we only used female mice, because
male mice would probably attack each other after being placed
in different cages one after the other following randomization
into the groups. Therefore, part of the variability regarding
lipid metabolism could be based on the estrous cycle, which is
generally 4-5 days in length. As experimentation was con-
ducted in a continuous period, results should encompass all
estrous states and not be biased by a specific state.
Furthermore, studies have shown that phenotypic differences
between female and male mice are rather small.>® Animals
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were housed according to the German guidelines for animal
care and had, at all times, access to water and food ad libitum.
Mice were maintained on a 12 h light/dark cycle. Mice were
randomized into 6 groups with 8 mice each: control (c)/n6-
high, EPA/n6-high, DHA/n6-high, c/n6-low, EPA/n6-low and
DHA/n6-low. Feeding started after one week of acclimatization,
when mice were 4 weeks old. Animals were fed a total of 28
days, left-over feed was collected and weighed and new feed
was distributed on a daily basis during the first week and bi-
weekly during the following 3 weeks. Mice received a standard
diet (product number: E15051, ssniff Spezialititen GmbH,
Soest, Germany) with 10.1% total fat consisting of different oil
mixtures: for n6-PUFA-high feed commercial refined sunflower
oil (Thomy, Nestlé, Frankfurt, Germany) rich in LA was used
and for n6-PUFA-low feed refined sunflower oil (Henry
Lamotte Oils GmbH, Bremen, Germany) rich in OA was used.
For EPA/n6-high and EPA/n6-low feed EPA was added in form
of EPA-ethyl ester (EE) to LA-rich and OA-rich sunflower oil,
respectively, resulting in a final EPA content of 5.5-5.7% of
total FA (0.55-0.57% in feed). For DHA/n6-high and DHA/n6-
low feed DHA was added in form of DHA-EE to LA-rich and
OA-rich sunflower oil, respectively, resulting in a final DHA
content of 5.4-5.7% of total FA (0.54-0.57% in feed). All six oil
mixtures contained 0.2% mixed tocopherol concentrate as
antioxidant. The full composition of the diets and the FA
profile of oils used as dietary fat are summarized in the ESI
(Table S1t). Following the feeding period, mice were killed by
cervical dislocation and decapitation. Whole blood was col-
lected in EDTA tubes and centrifuged (10 min, 1500g, 4 °C).
Plasma was collected, blood cells were resuspended in the
respective volume of PBS buffer and stored at —80 °C until ana-
lysis. Liver and other organs were quickly removed and frozen
in liquid nitrogen before they were stored for longer periods of
time at —80 °C.

All experiments were carried out by individuals with appro-
priate training and experience in compliance with the require-
ments of the Federation of European Laboratory Animal
Science Associations and the European Communities Council
Directive (Directive 2010/63/EU). Experiments followed the
institutional guidelines and were approved by the regional
authority (Regierungspraesidium Darmstadt, Germany; #V54 —
19 ¢ 20/15 - FU8/22).

2.3 Fatty acid analysis, GC-FID

The method for FA analysis based on gas chromatography with
flame ionization detection (GC-FID) as described®*?° was
slightly modified. In brief, 20 pL plasma (diluted with 30 pL
H,0) or 100 pL resuspended blood cells (BC) were mixed with
10 pL methyl pentacosanoate (FAME C25:0, 750 pM) as
internal standard (IS) as well as 10 pL 0.02 mg mL~" BHT and
EDTA in MeOH/H,O (50/50, v/v) as antioxidant and extracted
with MTBE/MeOH. To 15 + 2 mg liver tissue 10 pL IS, 50 pL
H,0 and 300 pL MeOH were added and tissue was homogen-
ized in a ball mill using pre-cooled sample holders (25 Hz,
5 min) before MTBE/MeOH extraction. Dry lipid extracts were
trans-esterified with methanolic hydrogen (90-95 °C, 60 min)
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and the resulting FAMEs were injected into the GC system.
Quantification was based on theoretical response factors (tRF)
utilizing C25:0 as IS and FA profile was determined by relative
peak areas (taking into account the tRF). The method covers a
total of 39 FAMEs (excluding C25:0).

2.4 Gene expression analysis by quantitative real-time PCR
(qPCR)

RNA was isolated using the RNAeasy Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions.
Previously frozen liver tissue stored at —80 °C, was thawed care-
fully before isolation. Following isolation, RNA concentration
was determined via NanoDrop™ One/Onec (Thermo Fisher
Scientific, Waltham, MA, USA) measuring the absorbance at
260 and 280 nm. Ratios of absorbance 260/280 nm and 260/
230 nm were used as a marker for RNA purity. To increase
purity and remove residual genomic DNA, samples were
treated with TURBO DNA-free™ Kit according to the manufac-
turer’s instructions (Thermo Fisher Scientific, Waltham, MA,
USA). Following purification, 1 pg of total RNA was used for
complementary c¢DNA synthesis using the iScript cDNA
Synthesis Kit (BioRad, Munich, Germany) according to the
manufacturer’s instructions and BioRad Thermo Cycler T100
(BioRad, Munich, Germany). Until PCR experiments, samples
were stored at —80 °C. Quantitative real-time PCR was con-
ducted using a CFX Connect™ system (BioRad, Munich,
Germany). A list of all used oligonucleotide primer sequences,
primer concentrations, product sizes and the applied PCR pro-
tocol can be found in the ESI (Table S51). For all experiments,
the initial denaturation step was conducted at 95 °C for 3 min,
followed by a varying number of cycles each consisting of a
short denaturation phase (95 °C, 10 s), an annealing phase
with differing temperatures (53 °C to 62.8 °C) and durations
(30 s to 45 s) depending on the primer used and a final elonga-
tion step (72 °C, 30 s). Gene expression was analyzed with
BioRad CFX Manager 3.1 software using the 2AACq method.
Results were normalized to expression levels of housekeeping
genes beta-2-microglobuline (B2M) and phosphoglycerate
kinase 1 (PGK1) and expressed in % relative to the c¢/n6-high

group.
2.5 Oxylipin analysis, LC-MS/MS

Oxylipin extraction and measurement was performed as
described.*** In brief, to 50 + 5 mg liver tissue 10 pL anti-
oxidant mixture, 10 pL deuterated IS and 300 pL ice-cold
MeOH were added and tissue samples were homogenized
using a ball mill as described above. After centrifugation of
tissue homogenates (10 min, 20 000g, 4 °C), supernatants were
diluted with 2.7 mL 0.1 M disodium hydrogen phosphate
buffer (pH 6) and loaded onto the pre-conditioned solid phase
extraction cartridges (SPE; Bond Elut Certify II, 200 mg, 3 mL;
Agilent, Waldbronn, Germany). After washing the SPE car-
tridges with water and MeOH/water (50/50, v/v) and drying (30
s, —200 mbar), oxylipins were eluted with ethyl acetate/
n-hexane (75/25, v/v) with 1% HOAc and evaporated to dryness
in a vacuum concentrator. Reconstituted sample extracts were

Food Funct, 2020, 1, 9177-9191 | 9179


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0fo01462a

Open Access Article. Published on 28 September 2020. Downloaded on 4/1/2026 11:28:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

injected into the LC-MS/MS system (Agilent 1290 binary pump
coupled to AB Sciex 6500 QTRAP MS) and separated on a
Zorbax Eclipse Plus C18 reversed phase column (Agilent,
Waldbronn, Germany) with a binary gradient using 0.1%
HOAc with 5% solvent B as solvent A and ACN/MeOH/HOAc
(800/150/1, v/v/v) as solvent B. Measurement was carried out in
scheduled multiple reaction monitoring (MRM) mode and
quantification was carried out by external calibration (analyte/
IS area ratio). A total of 137 oxylipins was analyzed in the liver
samples.

2.6 Data analysis and statistical analysis

For concentrations and relative levels of FA and oxylipins as
well as relative gene expression mean values and standard
error of the mean (SEM) were calculated using Microsoft Office
Excel 2016 software (Redmond, WA, USA). Concentrations of
FA and oxylipins were only quantified when exceeding the
lower limit of quantification (LLOQ). If >50% of the concen-
trations within a group were >LLOQ, concentrations <LLOQ
were set to 1 LLOQ and mean + SEM were calculated. If the
mean did not exceed LLOQ or <50% of the samples within a
group were >LLOQ, “<LLOQ” is displayed for the whole group.
For relative FA profile (% of total FA) FA <LLOQ were set to
zero and mean + SEM were only calculated if >50% of the
values within a group were >LLOQ. Enzyme activity estimates
were calculated based on product/precursor ratios as follows:
D6D-index = C18:3n6/C18:2n6, D5D-index = C20:4n6/
C20:3n6,** Elovl-index = C22:4n6/C20:4n6.>* Calculation of %
n3 in highly unsaturated fatty acids (HUFA) and %n6 in HUFA
was based on Lands et al. (2018).>° Statistical analysis was
carried out using GraphPad Prism 6.01 software (GraphPad
Software, San Diego, CA, USA). Statistically significant differ-
ences were determined by two-way ANOVA analysis (factor 1:
background diet n6-high/n6-low; factor 2: n3-PUFA supplemen-
tation ¢/EPA/DHA) with Tukey’s post-test for multiple compari-
sons (each mean with every other mean): ns (p > 0.05), * (p <
0.05), ** (p < 0.01), *** (p < 0.001), *** (p < 0.0001) and are
summarized in the ESI (Table S8t). If a whole group was
<LLOQ, a modified two-way ANOVA (fewer groups) and/or a
one-way ANOVA (comparison of groups with the same back-
ground diet) or a t-test was performed. For relative gene
expression data outliers were removed based on ROUT outlier
test (Q = 1%).

3. Results

3.1 Animal food consumption and effect on body weight

All experimental diets contained 10.1% fat and the total FA
compositions of the oils used for the preparation of the feed
were analyzed by GC-FID (ESI, Table S1t). Initial change of
diets resulted in an increased consumption of food on the first
day of the feeding period across all groups vs. food consump-
tion for the rest of the feeding period (34.0 + 0.9 g vs. 26.4 =+
0.5 g; p < 0.0001). Neither the high/low n6-PUFA content of the
diet nor the added EPA or DHA had an effect on food con-
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sumption (ESI, Table S27). Weight of mice increased during
the feeding period (ESI, Table S3}). Changes in weight were
similar across all groups and independent from the different
fats used in the diets.

3.2 Relative fatty acid profile and n3-PUFA status

Four weeks of feeding a diet with high or low content of n6-
PUFA and very low n3-PUFA content (~0.2% in feeding oils;
ESI Table S17) led to a strikingly different FA profile in murine
liver tissue. This affected all FA classes (SFA, MUFA, PUFA)
except %n3-PUFA, which were similarly low (2.6 + 0.3% (c¢/n6-
high) and 2.0 + 0.3% (c/n6-low); Fig. 1, ESI Table S47).
Noteworthy, lower %SFA were attributable to higher total liver
FA and accumulating OA in the ¢/n6-low compared to the ¢/n6-
high group. Consistent with the major dietary FA class (high
LA vs. high OA), extreme differences were observed for %MUFA
and %n6-PUFA: MUFA were the dominant FA class in the ¢/n6-
low group (59 + 3%) and 2.0-fold higher compared to the ¢/n6-
high group (29 + 3%), while n6-PUFA were the dominant FA
class in the c/n6-high group (37 + 2%) and 2.7-fold higher
compared to the ¢/n6-low group (14 + 2%). Feeding the EPA-
rich diet resulted in an increase of %n3-PUFA in liver tissue
regardless of the n6-PUFA content (8.3 + 0.5% and 8.1 + 1.1%
in EPA/n6-high and EPA/né6-low, respectively). A similar
increase of %n3-PUFA was observed in the DHA-supplemented
groups (9.6 + 0.8% and 9.9 + 0.7% in DHA/n6-high and DHA/
n6-low, respectively) (Fig. 1). In animals on an n6-PUFA-high
diet neither EPA nor DHA supplementation significantly
affected %MUFA or %n6-PUFA. In animals fed an n6-PUFA-low
diet %MUFA (c/n6-low 59 + 3%) were decreased by supplemen-
tation with EPA to 48 + 3% and DHA to 45 + 2%.

Regarding the n3-PUFA status, liver %EPA + DHA was not
different between the groups fed an n6-PUFA-high or n6-PUFA-
low based diet (Fig. 1). In contrast, in BC, increase of %EPA +
DHA relative to the control group was in the order of EPA/n6-
high < EPA/n6-low < DHA/n6-high < DHA/n6-low (2.7- vs. 3.2-
fold increase for EPA/n6-high vs. EPA/n6-low; 3.3- vs. 3.8-fold
increase for DHA/n6-high vs. DHA/n6-low). Thus, for both the
n6-high and né-low background diet DHA supplementation
increased BC %EPA + DHA more efficiently than EPA sup-
plementation. Importantly, while %EPA + DHA was not
different between the control groups c¢/n6-high and c/n6-low,
elevation of BC %EPA + DHA upon n3-PUFA feeding was
clearly more pronounced when combined with an n6-PUFA-
low background diet. This was also the case in blood plasma.
Levels of %n3 in HUFA were consistently higher in the n6-low
compared to n6-high-based groups in liver, BC and plasma
and more effectively raised by DHA feeding in liver and BC.
%n6 in HUFA showed the reversed trend (Fig. 1). Complete
relative FA profile in liver, BC and plasma are summarized in
the ESI (Fig. S1 and S2 and Table S47).

3.3 Fatty acid concentrations in liver tissue

Dominant FA in liver tissue was OA in both control groups,
however, 3.3-fold lower in the ¢/n6-high compared to c¢/n6-low
group (16 + 4 g kg™" vs. 53 = 10 g kg™'). Higher dietary LA

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Relative FA profile in mouse liver, blood cells and blood plasma. (A) Relative fatty acid profile of saturated (SFA), monounsaturated (MUFA),
n3- and n6-polyunsaturated fatty acids (PUFA) as well as (B) %EPA + DHA, (C) %n3 in highly unsaturated fatty acids (HUFA) and (D) %n6 in HUFA in
liver tissue, blood cells and blood plasma of NMRI mice after 28 days of feeding an n6-PUFA-rich diet (dark grey) or an n6-PUFA-low diet (light grey)
without (c) or with n3-PUFA supplementation (EPA, DHA). Sum of MUFA includes one n9-PUFA (C20:3n9). Shown are mean + SEM as well as individ-
ual values for (B—D) (n = 8). Statistically significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) were determined by two-way
ANOVA with Tukey's post-test and are indicated for n6-high vs. n6-low groups (results for comparisons of all groups are summarized in the ESI,

Table S87).

resulted in 2.6-fold higher LA in the c/n6-high compared to
c/n6-low group (13.4 + 1.1 g kg™' vs. 5.2 + 0.6 g kg™ "). Despite
this pronounced difference in liver LA concentrations (Fig. 2),
tissue ARA concentrations were not different between the two
background diets (6.5 + 0.2 g kg™' vs. 5.6 + 0.3 g kg™ "). In con-
trast, downstream elongation/desaturation products adrenic
acid (AdA, C22:4n6) and né6-docosapentaenoic acid (n6-DPA,
C22:5n6) were lower in the c/n6-low group. Long-chain n3-

This journal is © The Royal Society of Chemistry 2020

PUFA EPA, n3-DPA and DHA were similar in both control
groups.

Upon n3-PUFA feeding, ARA concentrations were reduced
in all feeding groups, while dihomo-gamma linolenic acid
(DGLA, C20:3n6) levels were elevated in n6-high groups and LA
levels were unaffected. Notably, ARA concentrations were lower
in EPA/n6-low and DHA/n6-low groups compared to EPA/n6-
high and DHA/n6-high groups (Fig. 2). EPA, which did not
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Fig. 2 FA concentrations in mouse liver tissue. Fatty acid concentrations [g kg™ wet tissue] of n9-MUFA and -PUFA as well as n3- and n6-PUFA in
liver tissue of NMRI mice after 28 days of feeding an n6-PUFA-rich diet (dark grey) or an n6-PUFA-low diet (light grey) without (c) or with n3-PUFA
supplementation (EPA, DHA). Shown are mean + SEM as well as individual values (n = 8). If >50% of the samples within one group were <LLOQ
(lower limit of quantification), no mean was calculated and the LLOQ is indicated as dotted line. Statistically significant differences (* p < 0.05; ** p <
0.01; *** p < 0.001; **** p < 0.0001) were determined by two-way ANOVA with Tukey's post-test and are indicated for n6-high vs. n6-low groups
(results for comparisons of all groups are summarized in the ESI, Table S8%). Arrows and gene names indicate enzymes involved in FA desaturation
and elongation and proposed formation routes adapted from Guillou et al. (2010).%°
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exceed the LLOQ in c/n6-high, was increased to 0.43 + 0.05 g
kg™ in the EPA/n6-high group. In the EPA/n6-low group, EPA
increased from 0.010 + 0.001 g kg™ (¢/n6-low) to 1.3 + 0.2 g
kg™" corresponding to a 130-fold increase and 3.1-fold higher
concentration compared to the n6-PUFA-high based diet.
Interestingly, DHA supplementation had a similar effect on
EPA concentrations in liver tissue (DHA/n6-high: 0.36 + 0.05 g
kg™, DHA/n6-low: 1.4 + 0.1 g kg™"). The elongation product of
EPA, n3-DPA, was effectively elevated by both EPA and DHA
supplementation, however, more pronounced in EPA-fed
groups. The n6-PUFA background diet had no effect on n3-
DPA levels (Fig. 2). Liver tissue DHA concentrations increased
upon EPA feeding and were more efficiently elevated in DHA-
fed groups. In contrast to EPA levels, DHA concentrations did
not differ between the groups fed the n6-high or n6-low back-
ground diets (Fig. 2). All liver FA concentrations and statistical
analyses are summarized in the ESI (Tables S4A-1 and S8A-17).

3.4 Fatty acid metabolizing enzyme expression in liver

Gene expression of several markers of p-oxidation as well as FA
elongation and desaturation were assessed via transcription
analysis in qPCR experiments (ESI, Tables S5 and 67). Both n3-

View Article Online
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PUFA supplementation and the né6-low/n6-high background
diet had only little or no effect on the gene expression of the
key players of p-oxidation (ESI, Fig. S31). Hadha and Hadhb,
which are involved in the mitochondrial $-oxidation were stat-
istically not different among all groups. This was also the case
for the peroxisomal equivalents Ehhadh and Hsd17b4 as well
as carnitine palmitoyltransferase 1a and 2 (Cptla/Cpt2).
Enzymes which act as “auxiliary enzymes” in p-oxidation of
long-chain PUFA, i.e. 2,4-dienoyl-CoA reductase 1 (Decrl) and
2 (Decr2) as well as cis-A*-enoyl-CoA isomerase 1 (Eci1) and 2
(Eci2), were unaffected by the n6-high and né6-low background
diets (Fig. 3A). However, Ecil and Eci2 mRNA levels in DHA/
né6-low compared to the c¢/n6-low group were increased.

Enzymes involved in FA desaturation and elongation, i.e.
A5-desaturase (D5Dj; Fads1), A6-desaturase (D6D; Fads2), elon-
gases 2 (Elovl2) and 5 (Elovl5), were not significantly affected
by the diet (Fig. 3B). Estimates for enzyme activity based on FA
product/precursor ratios were consistently lower for n3-PUFA
supplementation (D5D-, D6D-, Elovl-index). The n6-PUFA back-
ground diet affected the D5D- and Elovl-indices, which were
always lower in the n6-low groups, except for the Elovl-index in
DHA-fed groups (Fig. 3C).
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A Decr1 Decr2 Eci1 Eci2
3001 200 300 400-
T - o 2 ° o
N . B 5
= =200 ) i o o @ 200 ° .
£ o T g %o 1001 oy 2 : % 3 200 . o
il - i Il il
[ o 2
=% ol 0 0 0 .
c EPA DHA c EPA DHA c EPA DHA c EPA DHA
Fads1 Fads2 Elovi2 Elovi5
T —200 300 2001 2001
TS
N = o ° o o B o o
g5 5 200{ ° o o 8 , :
o §100- . o © o o8 % ° 2 100 r ° o 100 ) o o © o
c? o o & L ) o
.o 5 % 1004 0 o o o o o o 3
) é 9 © ) A 2 |o5 % o° 00 o
- o i © o ®
0- . 0- 0- v 0- .
c EPA DHA c EPA DHA c EPA DHA c EPA DHA
C D5D index D6D index Elovl index
307 0.03 0047
3% |a 5% |~ 3% | %
S
53 207 . =5 0.02 . 5
© @ : - . : © 90 ° o :CD 0.024 oo =
[ 3 (= © 00 o ° 2
?g 101 o o & N 0.01 §% % o0
i il R (TN i
0- s 0.00 Y v 0.00- ; i
c EPA DHA c EPA DHA c EPA DHA

Fig. 3 Gene expression of enzymes and enzyme activity indices in mouse liver. Normalized gene expression relative to the c/n6-high group of

enzymes involved in fatty acid B-oxidation, desaturation and elongation in

liver tissue of NMRI mice after 28 days of feeding an n6-PUFA-rich diet

(dark grey) or an n6-PUFA-low diet (light grey) without (c) or with n3-PUFA supplementation (EPA, DHA). Shown are mean + SEM (n = 6-8) as well
as individual values for (A) 2,4-dienoyl-CoA reductase 1 and 2 (Decrl, Decr2), cis-A3-enoyl-CoA isomerase 1 and 2 (Ecil, Eci2), (B) A5- and A6-fatty
acid desaturase (Fadsl, Fads2), elongase 2 and 5 (Elovl2, Elovl5) and (C) fatty acid product/precursor ratio of C20:4n6/C20:3n6, C18:3n6/C18:2n6
and C22:4n6/C20:4n6 as estimates for enzyme activity of A5- and A6-fatty acid desaturase (D5D, D6D) and elongase, respectively. Statistically sig-
nificant differences (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) were determined by two-way ANOVA with Tukey's post-test and are indi-
cated for n6-high vs. n6-low groups (results for comparisons of all groups are summarized in the ESI, Table S8+). For relative gene expression data

outliers were removed based on ROUT outlier test (Q = 1%).
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3.5 Oxylipin concentrations in liver tissue overall similar as their precursor PUFA, as shown for a set of
representative oxylipins covering all branches of enzymatic oxy-
lipin formation within the ARA cascade (Fig. 4; all quantified
oxylipins are summarized in the ESI, Table S71). Levels of ARA

In liver tissue, the trends of concentrations and the diet
induced changes of ARA, EPA and DHA derived oxylipins were
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Fig. 4 Oxylipin concentrations in mouse liver tissue. Concentrations [nmol kg™] of selected oxylipins derived from ARA, EPA and DHA including
COX derived prostanoids, 5-, 12- and 15-LOX products, SPMs and SPM precursor, CYP derived epoxy- and o-hydroxy-FA as well as CYP/seH derived
dihydroxy-FA in liver tissue of NMRI mice after 28 days of feeding an n6-PUFA-rich diet (dark grey) or an n6-PUFA-low diet (light grey) without (c) or
with n3-PUFA supplementation (EPA, DHA). Shown are mean + SEM as well as individual values (n = 8). If >50% of the samples within one group
were <LLOQ (lower limit of quantification), no mean was calculated and the LLOQ is indicated as dotted line. Statistically significant differences (* p
< 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) were determined by two-way ANOVA with Tukey’s post-test and are indicated for n6-high vs. n6-
low groups (results for comparisons of all groups are summarized in the ESI, Table S87).
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derived oxylipins did generally not differ significantly between
c/n6-high and c/n6-low groups (Fig. 4), which is consistent
with ARA concentrations in liver tissue (Fig. 2 and ESI
Table S4A-1). Prostanoids, i.e. PGE,, PGD,, TXB,, were very low
in control groups and mostly undetectable in n3-PUFA-fed
groups (Fig. 4). ARA derived 15-LOX product (15-HETE) was
reduced upon DHA feeding combined with an n6-PUFA-low
background diet. The 5-LOX and 12-LOX products 5-HETE and
12-HETE showed a consistent trend towards lower levels,
which was not significant due to high inter-individual vari-
ation. CYP derived 14(15)-EpETrE and its sEH product 14,15-
DiHETTE were reduced by both EPA and DHA feeding, (Fig. 4,
ESI Tables S7 and S87).

EPA derived oxylipins were very low or <LLOQ in both
control groups (c¢/n6-high and c¢/né-low) and were elevated by
n3-PUFA supplementation. Particularly EPA feeding resulted in
higher HEPE concentrations in liver tissue, which was more
pronounced for the n6-low basal diet for 5-, 12- and 18-HEPE.
In contrast to EPA tissue levels, EPA supplementation resulted
in higher levels of EPA derived LOX products compared to
DHA in n6-low groups. The effect of highest EPA derived oxyli-
pin levels in the EPA/n6-low group could also be observed for
SPM precursor 18-HEPE and consistently SPM RvE2 exceeded
the LLOQ in 50% of the animals within this group (Fig. 4) and
consistent MRM transitions support its identity (ESI Fig. S47).
EPA derived CYP/SEH products 17(18)-EpETE and 17,18-
DiHETE were stronger elevated in EPA/né6-low compared to
EPA/n6-high groups.

Consistent with DHA liver concentrations, DHA derived
LOX products (HDHAs) were not different between the n6-high
and né6-low groups and increased upon both EPA and DHA
feeding, though this was not significant for EPA/n6-high group
or 14-HDHA. CYP products of DHA were similarly modulated
upon n3-PUFA feeding and only the sEH product 19,20-
DiHDPE was higher in the DHA/n6-low compared to DHA/n6-
high group (Fig. 4).

4. Discussion

In the present study, we addressed the following questions: (i)
does a replacement of dietary LA with OA lead to a reduction
of tissue ARA concentrations, (ii) how are tissue levels of sup-
plemented EPA and DHA affected by a low n6-PUFA back-
ground diet, (iii) are the changes attributable to hepatic
expression of lipid-metabolizing enzymes and (iv) how does an
n6-PUFA low background diet affect the modulation of the
tissue free oxylipin profile.

4.1 Low dietary LA and high OA has no effect on tissue ARA
concentration

The n3-PUFA status is associated with a lower risk for cardio-
vascular and inflammatory diseases.>* This might be in part
linked to a reduced formation of pro-inflammatory n6-PUFA
derived lipid mediators, such as 2-series prostaglandins or
4-series leukotrienes, due to competition of n3- and n6-PUFA

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

for enzymatic conversion. Besides increasing n3-PUFA intake,
lower levels of ARA and ARA derived lipid mediators might be
achieved by decreasing the intake of n6-PUFA via the diet.
Despite a strong reduction of LA concentrations in liver tissue
of the c/n6-low group, tissue ARA concentrations were not
affected. The D6D enzyme, which catalyzes the first step in LA-
to-ARA conversion, i.e. desaturation of LA to GLA, is discussed
as the rate-limiting enzyme in this conversion.! It seems likely
that the LA content (~10%) in the né6-low dietary oil is
sufficient for an effective supply with LA and further increase
of LA does not enhance ARA production due to saturation of
the D6D. Similarly, in a systematic review, no correlation was
found between LA intake and ARA levels in humans on a
Western diet, while intake of GLA (D6D product of LA) was
found to increase ARA.>® Lower concentrations of ARA elonga-
tion/desaturation products, AdA and n6-DPA, in the c/n6-low
group also indicate an intent of maintaining liver ARA levels
by slower ARA conversion. Moreover, higher liver OA, which
presumably accumulated in the neutral lipid fraction as shown
for mouse and rat liver,>’*®* might not be able to replace ARA
from hepatic phospholipids. It should be noted that, while the
liver tissue was not macroscopically different from the né6-high
groups, the OA-rich diet led to an increase of total liver FA in
NMRI mice. Total FA levels in the ¢/n6-low group were compar-
able to total fat in liver of C57BL/6] mice fed with a high fat
diet (60% fat).*>*® However, increase in liver FA by OA feeding
might be a mouse-specific effect and may not be transferable
to humans.

4.2 Elevation of blood and tissue EPA upon n3-PUFA feeding
is more efficient when dietary LA is low

Regarding n3-PUFA supplementation, an effective uptake and
elevation of blood and tissue n3-PUFA levels as well as sub-
sequent metabolization to bioactive lipid mediators might be
influenced by the ratio of (competing) n6- and n3-PUFA in the
diet. Supplementation of the né6-low, OA-rich diet with n3-
PUFA resulted in a trend towards lower total FA in liver tissue
and levels of n3-PUFA were elevated at the expense of MUFA
indicating an efficient uptake. In C57BL/6] mice on a high-fat/
high-sucrose diet, elevated OA content in total liver lipids was
decreased by administration of EPA-EE, which also resulted in
a reduction of the hepatic TG content.**

The more effective elevation of EPA with an né6-low back-
ground diet was evident in both the EPA- and DHA-fed groups.
The levels of n3-DPA, which were also elevated by n3-PUFA
feeding, however, without further elevation by the n6-low diet,
indicate a slower enzymatic elongation of EPA to n3-DPA and
thereby causing an accumulation of EPA. In human erythro-
cytes, increased EPA + DHA levels were observed when dietary
LA was low and might be attributed to a more effective ALA-to-
SDA or C24:5n3-to-C24:6n3 conversion or competition for
esterification into membrane phospholipids.”® An increased
ALA-to-EPA conversion on an né6-low background may be
excluded here, as ALA and eicosatetraenoic acid (ETA,
C20:4n3) levels were overall low in liver tissue (<0.05%, ESI
Fig. S17).
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A similar increase of EPA levels regardless of supplemen-
tation with EPA or DHA was unexpected, even though the DHA
diet contained a small amount of EPA. This effect was specifi-
cally observed in the liver. Elevation of tissue EPA when DHA
is supplemented is in line with previous studies e.g. in rat liver
phospholipids'” and in rat liver total fat dietary DHA led to a
comparable increase of EPA levels as dietary EPA.*> DHA may
be retro-converted to EPA in the mouse liver tissue as observed
in human HepG2 cells.”” Elevated mRNA levels of genes
encoding for auxiliary enzymes for f-oxidation of PUFA, Ecil
and Eci2, in DHA/n6-low group compared to control group
could indicate an increased p-oxidation of unsaturated FA and/
or retro-conversion in liver of DHA fed mice. Also, the elevation
of EPA could result from a modulation of the ALA-EPA-DHA
turn-over, e.g. a slower elongation, desaturation or p-oxidation
of EPA in DHA supplemented groups***® and lower n3-DPA
levels in DHA-fed vs. EPA-fed groups despite similar EPA con-
centrations could give a hint to a slower EPA elongation.

In contrast to EPA, DHA levels were not influenced by lower-
ing the n6-PUFA content of the diet. Both DHA and EPA
feeding resulted in an elevation of DHA for the two back-
ground diets. DHA could be formed from EPA either via a
pathway involving elongation, desaturation and peroxisomal
p-oxidation as reviewed by Sprecher (2000)*° or a delta-4 desa-
turation by D6D as shown for human cells.*” Although, it is
believed that this conversion is relatively inefficient, it might
occur with higher rates in rats and mice.”” Taken together, in
the used model the n6-PUFA content of the diet had a clear
influence on EPA levels, while DHA was unaffected.

4.3 Hepatic elongase and desaturase mRNA levels are not
significantly affected by a diet high in LA or OA

The observed reduction of tissue and blood ARA levels upon
n3-PUFA feeding is consistent with studies in mice and rats, in
which both EPA + DHA are administered (2-3% n3-PUFA oil
and 4-10% fat in the diet)."®*®*° Interestingly, while there was
little or no influence of the n6-PUFA background diet alone on
ARA levels, the ARA-lowering effect of EPA and DHA sup-
plementation was more pronounced in combination with
reduced dietary LA. This might be a consequence of a compe-
tition between ARA and elevated EPA on the né6-low back-
ground or the combination of dietary n3-PUFA, low dietary LA
and consequently high OA might affect the enzymatic conver-
sion of LA-to-ARA (and ARA-to-n6-DPA). In order to determine
if these effects are a result of substrate availability and/or
enzyme saturation or if the diets influence the enzyme
expression, we analyzed the gene expression (qPCR) of the
involved elongases and desaturases in liver. These enzymes are
required for the synthesis of C20 and C22 n3- and n6-PUFA
from the essential FA LA and ALA in mammals and several
steps are catalyzed by D5D (Fads1) and Dé6D (Fads2) as well as
elongase 2 and 5 (Elovl2, Elovl5).>® Moreover, expression of
these enzymes may be regulated by the dietary n3-PUFA
intake. For example, a diet deprived in n3-PUFA resulted in
upregulated desaturase (D5D, D6D) and elongase (Elovl2,
Elovl5) activity and expression in rat liver.”® The product/pre-
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cursor ratio of GLA/LA or the Dé6D-index indicates a low but
similarly efficient desaturation of both high and low LA levels,
which decreases with n3-PUFA feeding. However, the D6D-
index showed no correlation with the Fads2 gene expression in
the present study. It should be noted that enzyme activity esti-
mates based on product/precursor FA ratios also depend on
the PUFA intake.* In rat liver, no modulation of hepatic elon-
gase and desaturase gene expression by different dietary ALA
levels was observed by Tu et al. (2010) and it was concluded
that substrate availability and competition are more likely reg-
ulating n3-PUFA synthesis than different enzyme expression.>?
In contrast, a replacement of dietary PUFA by MUFA increased
Fads2 and Elovl2 significantly in rat liver,> which we did not
observe in mouse liver. Despite differences between FA metab-
olism in rats and mice, one possible explanation is that 10%
PUFA (of total FA) in the ¢/n6-low diet in our study was high
enough and therefore did not result in increased Fads2
expression.

The ARA/DGLA ratio or D5D-index was decreased by both
n6-PUFA lowering and n3-PUFA elevation, resulting in an
accumulation of DGLA rather than ARA. Similar to Fads2, no
significant modulation of Fadsl1 mRNA levels was observed.
The ratio of C22:4n6/C20:4n6 which can be used as estimate
for elongase activity’® is - like the D5D-index - reduced by
both the n6-low diet and n3-PUFA supplementation indicating
a slower elongation of ARA.

Taken together, we observed that a drastic shift from
dietary (n6-) PUFA to (n9-) MUFA had no effect on transcrip-
tion of desaturases and elongases involved in PUFA metab-
olism in liver tissue. This indicates that in the used experi-
mental model, tissue FA composition is likely governed by sub-
strate availability and competition.

4.4 Modulation of tissue PUFA is reflected in the tissue
oxylipin pattern

Both n3- and n6-PUFA compete for the enzymatic oxidation
and distinct substrate preferences or different potencies of n3-
and n6-PUFA derived lipid mediators have been described. For
example, COX reacts slower with EPA,*® while CYP epoxy-
genases® and ALOX12/15 orthologs®® are more efficient with
EPA and DHA as substrate compared to ARA. Therefore, we
investigated if the modulation of the tissue oxylipin profile was
consistent with the FA pattern and if the low n6-PUFA back-
ground reduces the formation of predominantly pro-inflamma-
tory lipid mediators derived from ARA."® In general, oxylipins
derived from ARA, EPA and DHA displayed similar trends as
the respective precursor PUFA indicating that the total tissue
FA composition governs oxylipin formation.

Levels of ARA derived COX metabolites in liver tissue were
overall low and therefore it is not possible to conclude on a sig-
nificant effect by the dietary intervention in these healthy,
non-inflamed mice. Particularly, ARA derived lipid mediators
of the CYP pathway were consistent with ARA tissue levels not
influenced by the background diet alone, however, reduced by
n3-PUFA feeding. In mouse liver, fish oil feeding resulted in a
reduction of liver ARA derived oxylipins,*® and in rat liver ARA

This journal is © The Royal Society of Chemistry 2020
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derived oxylipins were reduced with higher efficacy by DHA
feeding compared to EPA feeding,'” which was not significant
in our study.

Furthermore, some pathways indicate a preferred enzymatic
oxidation of n3-PUFA over n6-PUFA. For example, despite
tissue ARA levels (control groups) and DHA levels (after n3-
PUFA feeding) were in the same concentration range, clearly
higher levels of DHA derived CYP product 19(20)-EpDPE was
formed, which is consistent with a preference for the n3- over
the n6-double bond by CYP epoxygenases as mechanistically
described for human CYPs.***® Moreover, despite similar DHA
and 19(20)-EpDPE concentrations in DHA/n6-high and DHA/
né-low groups, higher levels of its sSEH product may indicate a
more efficient formation of DHA derived CYP products with an
n6-low background diet. For 19(20)-EpDPE, which was the
most abundant EpDPE in mouse liver, inhibitory effects on
angiogenesis, tumor growth and metastasis,”” protection
against LPS induced cytotoxicity’® and reduction of renal fibro-
sis®® were observed. In our study, a relatively low dose of n3-
PUFA led to an elevation of 19(20)-EpDPE tissue levels (2.8-3.5-
fold) indicating that both EPA and DHA feeding might exert
protective effects via this bioactive lipid mediator.

In contrast to hepatic EPA levels, which were similar in
EPA- and DHA-fed groups, increase in hepatic EPA derived oxy-
lipin levels was more pronounced in EPA/n6-low fed groups.
The divergence between tissue EPA and EPA derived oxylipins
may result from their distribution in hepatic lipid pools. The
phospholipid pool is believed to provide substrate FA for the for-
mation of free oxylipins after release by phospholipases.®
However, as we analyzed total hepatic FA it is possible that elev-
ated EPA in DHA-fed groups is directed to different lipid classes,
e.g. hepatic TG and therefore not readily available for oxylipin for-
mation. Moreover, oxylipins can be re-esterified to lipids or conju-
gated with glucuronic acid® and free oxylipins represent only a
small fraction of the total oxylipin profile.® Other explanations
could be an increased degradation/metabolization of EPA derived
oxylipins in DHA-fed groups or a limited hepatic formation of
EPA oxylipins when DHA is supplemented.

Highest levels of HEPEs and EpETEs were achieved by com-
bining dietary EPA and low n6-PUFA. For example, 18-HEPE, a
common pathway marker for E-series resolvin formation, is
80-fold elevated in the EPA/né6-low group compared to levels of
the n6-low control group. For 18-HEPE itself an anti-inflamma-
tory activity is described, such as the suppression of LPS-trig-
gered TNF-a formation in murine macrophages®® or lowering
of IL-6 formation in murine cardiac fibroblasts stimulated
with macrophage conditioned media.®® Moreover, EPA feeding
especially in combination with low dietary n6-PUFA might be
able to increase E-series resolvins, e.g. RVE2 that correlated
with 18-HEPE formation and might exert anti-inflammatory
properties such as reduction of neutrophil chemotactic velocity
or enhancement of macrophage phagocytosis.®® Similarly,
highest levels of CYP derived 17(18)-EpETE were observed in
the EPA/n6-low group resulting in an >18-fold increase com-
pared to the control groups, which were <LLOQ (<1 nmol kg™")
in liver tissue. This oxylipin was also found to be an abundant
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epoxy-FA in rat liver, heart and other tissues after n3-PUFA
feeding and reduced spontaneous beating rate of neonatal car-
diomyocytes more effectively than EPA regarding delay time
and concentration.”® Our results indicate that elevation of 17
(18)-EpETE, which is investigated for its anti-arrhythmic
effects,® can be increased by combining EPA supplementation
with low n6-PUFA intake. Interestingly, while 17(18)-EpETE
levels were lower in the DHA/n6-low group, its sEH product
17,18-DiHETE was similarly elevated. Thus, also DHA feeding
may efficiently raise 17(18)-EpETE, which however, was more
rapidly hydrolyzed in mouse liver.

In summary, both the n3-PUFA feeding and the n6-PUFA
background diet had a similar effect on the tissue oxylipin
pattern compared to their precursor PUFA, except bioactive
EPA derived lipid mediators, which were clearly elevated most
efficiently by EPA/n6-low feeding.

4.5 Combining low dietary LA and n3-PUFA supplementation
efficiently lowers %n6 in HUFA and increases blood cell %EPA
+ DHA

The n3-PUFA status or more precisely the n3-index (%EPA +
DHA in red blood cells) has been associated with cardioprotec-
tion.®® The %n6 in HUFA was proposed as another biomarker
for health risk assessment taking into account not only the n3-
PUFA status but also the n3/n6-PUFA balance (as summarized
in ref. 67). In the present study, we observed an elevation of %
EPA + DHA and %n3 in HUFA as well as a decrease of %n6 in
HUFA when supplementing n3-PUFA, which was more pro-
nounced for n6-low groups (except %EPA + DHA in liver).

%EPA + DHA in blood cells of the control groups was <4%
regardless of the background diet, which - translated to
humans - has been associated with low cardioprotection, i.e.
with higher risk for primary cardiac arrest, sudden cardiac
death or ischemic heart disease, while an n3-index of >8% is
associated with cardioprotection.®® Supplementation with EPA
or DHA resulted in an elevation of %EPA + DHA in blood cells
to >8% and >11% in n6-high and né-low groups, respectively.
Hence, when dietary n6-PUFA are reduced even a low sup-
plementation with n3-PUFA (<0.6% EPA or DHA) could be
sufficient to increase %EPA + DHA to levels >8%.

The %n6 in HUFA for North Americans ranges from
75-80% and a reduction towards 60% may have a positive
effect on human health as summarized by Lands et al
(2018).>* In mice receiving either of the control diets the %n6
in HUFA ranged between 77-91% (tissue and blood) and could
be reduced towards 60% for mice on the né6-high diet
(50-63%) and towards 40% for mice on the n6-low diet
(33-49%). From this it can be concluded that despite little
changes of ARA levels when dietary LA is reduced, a combi-
nation with long-chain n3-PUFA is more effective in modifying
biomarkers related to the n3-PUFA status and associated with
beneficial health effects.

In conclusion, in a murine model, a shift in dietary FA
from mainly n6-PUFA (LA) to MUFA (OA) affected the overall
FA composition of liver tissue and blood. No effect on ARA
and n3-PUFA concentrations or mRNA levels of hepatic elon-
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gases/desaturases was observed. Supplementation with ~0.6%
n3-PUFA (either EPA or DHA) lowered blood and tissue levels
of ARA and its elongation product to a greater extend when
dietary LA was low. Particularly EPA and EPA oxylipins but not
DHA and DHA oxylipins were affected by the background diet
and their increase was 2-3-fold more pronounced. This
resulted in higher %EPA + DHA in blood cells and lower %n6
in HUFA in blood and liver for the né6-low background diet.
Thus, lower doses of long-chain n3-PUFA supplementation —
especially for EPA - are equally effective when the n6-PUFA
background is low.

5. Limitations

Results obtained from experimental animal models cannot
simply be extrapolated to humans, which also limits the con-
clusions drawn from the present study. Mice have a different
FA and oxylipin metabolism than humans, for example regard-
ing the efficiency of ALA elongation or enzyme product speci-
ficity (e.gz ALOX15). Therefore, obtained FA and oxylipin pat-
terns cannot reflect tissue levels in humans. In order to
account for that, the dietary FA composition used in this study
contained a very low concentration of ALA and thus is com-
pared to human nutrition artificial. Particularly the unsupple-
mented control groups received consequently a diet with an
extremely high n6/n3-PUFA ratio, which may have induced an
n3-PUFA deficiency in these groups. It should be noted that
there are differences in lipid, FA and oxylipin metabolism in
males and females and the results described in the present
study may not be (completely) transferable to male mice.
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AdA Adrenic acid, C22:4n6
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DiOH-FA Dihydroxy fatty acid(s)

DiHDHA Dihydroxy docosahexaenoic acid

DiHDPE Dihydroxy docosapentaenoic acid

DiHEPE Dihydroxy eicosapentaenoic acid
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DiHODE Dihydroxy octadecadienoic acid

DiHOME Dihydroxy octadecenoic acid

DPA Docosapentaenoic acid, C22:5n3/C22:5n6

FA Fatty acid(s)

GC-FID Gas chromatography with flame ionization
detection
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GLA Gamma-linolenic acid, C18:3n6

EPA Eicosapentaenoic acid, C20:5n3

Ep-FA Epoxy fatty acid(s)

EpDPE Epoxy docosapentaenoic acid

EpETE Epoxy eicosatetraenoic acid

EpETIE Epoxy eicosatrienoic acid

EpODE Epoxy octadecadienoic acid

EpOME Epoxy octadecenoic acid

ETA Eicosatetraenoic acid, C20:4n3

HDHA Hydroxy docosahexaenoic acid

HEPE Hydroxy eicosapentaenoic acid

HETE Hydroxy eicosatetraenoic acid

HODE Hydroxy octadecadienoic acid

HOTrE Hydroxy octadecatrienoic acid

HUFA Highly unsaturated fatty acid(s)

LA Linoleic acid, C18:2n6

LC-MS/MS  Liquid chromatography  tandem mass
spectrometry

LOX Lipoxygenase

MA Mead acid, C20:3n9

MUFA Monounsaturated fatty acid(s)

n3/n6/n9 Omega-3/6/9

OA Oleic acid, C18:1n9

OH-FA Hydroxy fatty acid(s)

PG Prostaglandin(s)

PUFA Polyunsaturated fatty acid(s)

SFA Saturated fatty acid(s)

SPM Specialized pro-resolving lipid mediator

TX Thromboxane(s)
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