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ABSTRACT: For the study of molecular mechanisms of to lipid transport
and storage in relation to dietary effects, lipidomics has been rarely used in
farm animal research. A feeding study with pigs (German Landrace sows) and
supplementation of microalgae (Schizochytrium sp.) was conducted. The
animals were allocated to the control group (n = 15) and the microalgae
group (n = 16). Shotgun lipidomics was applied. This study enabled us to
identify and quantify 336 lipid species from 15 different lipid classes in pig
skeletal muscle tissues. The distribution of the lipid classes was significantly
altered by microalgae supplementation, and ether lipids of phosphatidylcho-
line (PC), phosphatidylethanolamine (PE), and phosphatidic acid (PA) were
significantly decreased. The total concentration of triacylglycerides (TAGs)
was not affected. TAGs with high degree of unsaturation (TAG 56:7, TAG
56:6, TAG 54:6) were increased in the microalgae group, and major

LA \
N
J\((g e

Landrace sows - dietary intervention

Control
(n=15)

Live weight at slaughter: 99.8 kg, |
longissimus muscle, 13-14%rib Micro algae
(n=16)

(schizochytrium
sp)

Membrane lipids ‘/2 g Storage lipids

DHA (22:6n-3)

abundant species like TAG 52:2 and TAG 52:1 were not affected by the diet. Our results confirmed that dietary DHA and EPA are
incorporated into storage and membrane lipids of pig muscles, which further led to systemic changes in the lipidome composition.

1. INTRODUCTION

Dietary strategies to modify the fatty acid profile of pig muscles
by enhancing polyunsaturated fatty acid (PUFA) contents,
predominantly n-3 PUFA, were very successful. In contrast to
the ruminants, it was shown in the pigs that dietary PUFAs
could be incorporated into muscles and other tissues with only
minor biochemical modifications of PUFAs. Intervention
studies on PUFA-supplemented pig diets containing linseed,
rapeseed, sea buckthorn, pomace cakes/oils/meals resulted in
an increase in n-3 PUFA content and a decrease in the n-6/n-3
fatty acid ratio in intramuscular fat."~* In contrast, sunflower
seed/oil/meal-supplemented diets revealed an increase in n-6
PUFA content in pig muscle tissues.” The supplementation
with microalgae in the pig diet is a potential alternative to
improve the lipid/fatty acid profile of pig muscle with respect
to human nutrition compared to vegetable oils/press cakes/
meals.””® Besides essential amino acids, vitamins, polysacchar-
ides, microalgae contain long-chain n-3 PUFAs, primary
docosahexaenoic acid (C22:6n-3, DHA) or eicosapentaenoic
acid (C20:5n-3, EPA). A large amount of evidence suggests
that EPA and DHA have stronger beneficial effects on human
health compared to C18:3n-3. Furthermore, the conversion of
C18:3n-3 to EPA and DHA is limited in humans (<10%);
therefore, direct consumption of foods rich in EPA and DHA is
required to reach the recommended daily n-3 PUFA intake.”’

First lipidomic approaches were performed in pigs and beef
cattle primarily using electrospray ionization-tandem mass
spectrometry (UHPLC-ESI-MS/MS), shotgun lipidomics, or
MALDL-TOF MS.”~" Only a small number of lipidomic
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studies on pig muscles are available. Recently, lipidomics was
applied to identify different muscles of pigs and to differ-
entiate/authenticate raw pork species. The comparative
lipidomic analysis of selected local pork in China led to the
definition of a lipid marker panel that could classify different
pork cuts and geographical origins.'* Another study with a
targeted lipidomic approach using HPLC-ESI-MS/MS was
conducted to investigate pig muscle phospholipids (PLs) and
variations of phospholipid hydrolysis products at different
aging periods.'” As the main phospholipid classes in pig
muscles, phosphatidylcholine (PC), ether-linked PC (PC-O),
phosphatidylethanolamine (PE), and ether-linked PE (PE-O)
were identified as comprising up to 70% of the overall PL
content."’

Very recently, Meyer et al."” investigated the replacement of
soybean extraction meal with insect meal in the diet of growing
pigs using transcriptomics, metabolomics, and lipidomics. A 4
week insect meal-based diet (Tenebrio molitor L.) in growing
pigs revealed only weak changes in the lipid metabolism in the
plasma and liver. The concentrations of main PL classes, such
as PC, PE, phosphatidylinositol (PI), lysophospholipids, and
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sphingolipids, were not affected by the insect-based diet;
however, no further lipid analysis of pig muscle tissue was
performed. The first study investigating the changes of lipid
profiles in skeletal muscle of Landrace pigs fed with n-3 or n-6
PUFA-rich diets indicated large differences between the diet
groups.'’ The results showed that dietary and de novo
synthesized n-3 PUFAs were predominantly incorporated into
muscle PL species PE and cardiolipins (CL); however, the
distribution pattern of different PL classes in pig muscle was
unchanged. In addition, alkenyl-acyl and alkyl-acyl phospho-
lipids (ether-linked PLs) were elevated in muscle of pigs fed
with n-3 PUFA-based diets.'® The occurrence, molecular, and
physiological impact of ether-linked PLs, primarily plasmal-
ogens, in pig tissues is still enigmatic."’

In general, the application of microalgae as a diet
supplement for pigs opens up the opportunity to improve
growth and meat quality in pigs and also in ruminants;
however, the results are affected by the supplemented
microalgae species.’ Recently, our group investigated the
effects of long-term microalgae supplementation (Schizochy-
trium sp.) on muscle microstructure, meat quality, and fatty
acid composition in growing German Landrace pigs.” The
samples of pig muscles, highly accumulated in docosahex-
aenoic acid (DHA) and eicosapentaenoic acid (EPA), were
used in this nontargeted shotgun lipidomic study. The
objective of the present study was to investigate which lipid
species predominantly influence the dietary changes with
increased levels of long-chain n-3 PUFAs in pig skeletal muscle
(longissimus thoracis) and their incorporation in membrane
and/or storage lipids by dietary microalgae supplementation.

2. EXPERIMENTAL SECTION

2.1. Animal Study Design and Sample Collection. The
study was conducted at the experimental pig facilities of the
Research Institute for Farm Animal Biology (FBN) in
Dummerstorf, Germany. All procedures, including the use
and treatment of animals, were performed in accordance with
the German animal protection law and approved by the
relevant authorities (Landesamt fiir Landwirtschaft, Leben-
smittelsicherheit und Fischerei Mecklenburg-Vorpommern,
Germany; 7221.3-2-051/15). The experimental details of the
dietary study of microalgae supplementation on meat quality
and muscle microstructure in growing pigs were recently
described.® Briefly, the dietary pig study (German Landrace
sows) was performed with the supplementation of microalgae
(Schizochytrium sp.). The piglet diet was fed until day 95
(~13.7 MJ of ME/kg) and followed the fattening diet (~12.9
M]J of ME/kg). The microalgae (Schizochytrium sp.) diet was
supplemented with 7% (piglet diet) and S% (fattening diet)
DHA Gold (DSM, Bramsche, Germany), whereas the control
diet was adjusted to a total fat of 5.4% (piglet diet) and 3.2%
(fattening diet) using soybean oil plus lard as lipid sources.
The major difference between diets consisted in the proportion
of DHA (37% in the piglet diet and 33% in the fattening diet of
the microalgae group and 0.05% in the pi§1et diet and 3.1% in
the fattening diet of the control group).” The female piglets
were allocated to the control group (n = 15) or the microalgae
group (n = 16) at day 28 of age. After one week of adaptation,
the microalgae-supplemented diet was initiated on day 35 of
age and was fed until pigs were slaughtered at days 145/146 of
age. After slaughtering, muscle samples were immediately
collected from the right side of the carcass. Longissimus

thoracis (LT) muscle samples of pigs obtained from the 12/
14th rib were used for lipidomic investigation.

2.2. Lipid Extraction from Pig Muscles. Immediately
after sampling, the muscle samples were cut into small pieces,
deep-frozen in liquid nitrogen, and homogenized under liquid
nitrogen using a stainless steel grinding mill (mill M20, IKA,
Staufen, Germany). After homogenization, the muscle samples
were stored at —80 °C until total lipid extraction. The total
lipids of muscle samples (2 g muscle powder) were extracted
using an Ultra Turrax (T25, IKA, Staufen, Germany), 3 X 15's,
15,777g using chloroform/methanol (ratio 2:1) at room
temperature. All solvents contained 0.005% (w/v) of t-
butylhydroxytoluene (BHT) to prevent PUFA oxidation. The
details of the lipid extraction procedure were already
described.® The final extraction mixtures were stored at 5 °C
for 18 h in the dark and subsequently washed with a 0.02%
CaCl, solution. The organic phase was separated and dried
with a mixture of Na,SO, and K,CO; (10:1, w/w), and the
solvent was subsequently removed using a ScanSpeed 40
(LaboGene, Allered, Denmark) vacuum centrifuge at 438g and
30 °C for 30 min. In total, 31 pig muscle lipid extracts (control
group, n = 15; and microalgae group, n = 16) were stored at
—20 °C until lipidomic analysis.

2.3. Shotgun Lipidomics. The muscle lipid extracts were
dissolved in chloroform/methanol/water (60:30:4.5, v/v/v)
with BHT at 0.05% (w/v). The individual samples were in a
second dilution step normalized to 8.38 mg/mL of total fat.
Afterward, all samples were mixed with an internal standard
solution (Supporting Table S1) and the ESI spray solution as
reported earlier with a final dilution factor of 1100 from the
stock solution.'® Shotgun lipidomics was performed by a Q
Exactive Plus (Thermo, Bremen, Germany) using TriVersa
NanoMate (Advion, Ithaca) as a nanoelectrospray source as
reported earlier.'® For lipid identification, LipidXplorer 1.2.7
was utilized, and quantification was achieved using responses
of the resgpective lipid class-specific standard as reported
earlier."°™"® Lipidomic data processing details are available on
the Lipidomics Informatics for Life Science (LIFS) web portal
(https://lifs-tools.org/)."” Cholesterol concentrations were
determined based on an approach reported earlier.”® The
reported lipidomes will be made available under the
preliminary LipidCompass accession number LCE9.

All used solvents and chemicals were obtained in the highest
purity grade (ROTISOLV, HPLC grade) from Carl Roth
GmbH (Karlsruhe, Germany). For lipidomic experiments, all
used solvents and additives were of LC—MS quality and
obtained from Sigma-Aldrich (Deisenhofen, Germany). Lipid
standards were purchased from Avanti Polar Lipids (Alabast-
er).

2.4. Data Analysis and Statistics. A total of 336 lipid
species quantified using shotgun lipidomics were grouped in
samples of the control group (n = 15) and microalgae group (n
= 16). Multiple t-tests between control and microalgae groups
were performed using log-transformed data. To adjust for
multiple comparisons, we calculated g-values and limited the
false discovery rate to 0.01 using the R package g value
(v2.22.0*"). In addition, the log,-fold change (log,FC)
between microalgae and control lipid species concentrations
(nmol/mg total lipids) was calculated to quantify the
variations.

We applied partial least-squares discriminant analysis (PLS-
DA) to identify the key variables of the 15 lipid classes
(including two subclasses) and the sparse variant (sPLS-DA)
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Table 1. Mean Sum Concentrations and Standard Error of the Mean (SEM) of 15 Lipid/Phospholipid Classes (nmol/mg Total
Lipids) in Muscles (M. Longissimus) of Pigs Fed with Control vs Microalgae-Based Diet, Adjusted p-Values of Multiple t-Tests
Using log-Transformed Data by the Benjamini-Hochberg-Procedure, and log,-Fold Changes®

lipid class”

TAG
PC
PC-O
PE-O
PE
SM
PI

PS
LPI
DAG
LPC
LPE
CL
PA
PG

number of lipid species

57
30
43
S2
47

9
28
16
10
12
10
10

3

2

4

control group

microalgae group

833.3 + 75.3
1272 £ 74
972 £52
74.8 £ 4.0
41.7 £ 24
339 £ 2.1
31.7 £29
21.6 + 14
9.0 £0.7
6.8 + 0.6
5.5 +£07
1.0 £ 0.1
1.0 £ 0.1

0.65 + 0.04

0.17 £ 0.02

871.9 + 49.8
146.8 + 9.5
509 + 3.1
52.6 + 32
45.5 £ 3.0
36.8 + 2.8
27.0 + 2.0
173 + 1.0
8.0+ 09
64+ 0.8
85+ 14
14 +£02
1.0 £ 0.1

0.38 + 0.03

0.09 + 0.0

0.559
0.333

<0.001

0.002
0.559
0.648
0.483
0.108
0.426
0.648
0.171
0.333
0.834

<0.001

0.430

mean + SEM (n =15)  mean + SEM (n = 16)  adjusted p-value

log,-fold change  significant differences

0.07
0.21
—-0.93
—0.51
0.13
0.12
—0.23
—0.32
—0.16
—0.08
0.65
0.43
0.06
—0.77
0.04

no
no
yes
yes
no
no
no
no
no
no
no
no
no
yes
no

“Differences are classified as being significant and have a type 1 error p < 0.05 and a log,-fold change > 0.5. b Abbreviations of lipid classes:
triacylglyceride, TAG; phosphatidylcholine, PC; ether-linked PC, PC-O; ether-linked PE, PE-O; phosphatidylethanolamine, PE; sphingomyelin,
SM; phosphatidylinositol, PI; phosphatidylserine, PS; lyso-phosphatidylinisitole, LPI; diacylglyceride, DAG; lyso-phosphatidylcholine, LPC; lyso-

phosphatidylethanolamine, LPE; cardiolipin, CL; phosphatidic acid, PA; phosphatidylglycerol, PG.
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Figure 1. Partial least-squares discriminant analysis (PLS-DA) for the lipidome of pig muscle tissue (longissimus thoracis). (A, C) PLS-DA sample
plot and loading plot for the total concentration of the analyzed 13 lipid classes and 2 subclasses and (B, D) PLS-DA sample plot and loading plot
for the concentration of 1S important lipid species, referring to a cutoff of 0.785. The data set comprised lipidome data of the control group (n =
15—blue) and microalgae group (n = 16—orange). In the loading plot (D), 15 lipid species were selected, which had the strongest impact on
group separation (the complete data set is listed in Supporting Table S2).
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Figure 2. Comparison of altered lipid quantities in muscle tissue (longissimus thoracis) of pigs fed according to the control diet and with
microalgae supplementation. g-values were calculated from p-values of multiple t-tests between control and microalgae groups using log-
transformed data, limiting the false discovery rate to 0.01. Differences are classified as being substantial (gray shaded area) if they are both

significant with ¢ < 0.01 and have a log,-fold change > 1. Selected lipid species are annotated according to the complete list of quantified lipids
(Supporting Table S2).

for the 336 lipid species that drive the discrimination of the covered more than S orders of magnitude with TAG 52:2 as
two investigated groups, ie., control vs microalgae-supple- the major abundant component (210 nmol/mg total lipids)
mented group. Both methods are implemented in the and LPE 22:6 (0.002 nmol/mg total lipids, Supporting Table
mixOmics package (v6.14.1°*). We used scaled data to analyze S2). TAG was found as the most abundant lipid class with 65—
the lipid classes, while the individual lipid species were not 68% of total lipids in a concentration of 833.3 + 75.3 nmol/mg
scaled as we aimed to keep the information of the lipid total lipids (control group) and 871.9 + 49.8 nmol/mg total

concentration and distinguish between the relevance of minor
and major lipids. Sample plots are presented to visualize the
discriminatory ability of the lipid classes and individual lipid

lipids (microalgae group). The overall TAG content was not
affected by microalgae supplementation. In the case of
membrane lipids, our lipidomic analysis demonstrated that

species in the space spanned by the first two latent variables. PC and PE (including the ether-linked PLs—PC-O and PE-O)

Loading plots show the importance of the 15 lipid classes and
15 lipid species, which had the strongest impact on group
separation in PLS-DA or sPLS-DA, respectively. We used
repeated S-fold cross-validation to evaluate the performance of
the fitted PLS-DA models. The models have a very good
performance in discriminating the two treatment groups with a
stabilized balanced error rate of 0.015 (lipid classes) and an
error rate close to zero (lipid species) after two components.
Statistical data analyses and data visualization were performed
using R 4.0.3 (R Core Team, 2020).”

were the most abundant PL classes and represent approx-
imately 80% of total PL content independent of the dietary
intervention. Both subclasses PC-O and PE-O were signifi-
cantly reduced by supplementation with microalgae (Table 1).
Furthermore, phosphatidic acid, comprising only two quantifi-
able lipid species, showed significantly lower concentration in
the microalgae group with 0.38 + 0.03 nmol/mg total lipids.
No further changes were observed for the remaining lipid
classes (Table 1). It is further noteworthy that free cholesterol
levels were not altered due to microalgae supplementation
(Supporting Table S2).

3. RESULTS To gain further insight into the metabolic imprint caused by
In this study, 336 lipids of 15 different classes were identified microalgae supplementation, partial least-squares discriminant
and quantified in total lipid extracts of skeletal muscle tissues analysis (PLS-DA) was applied (Figure 1).

of pigs fed either with a control died or supplemented with The PLS-DA analysis based on concentrations of lipid
microalgae (Supporting Table S2). The highest number of classes already revealed a clear separation of the two diet

species in pig muscle extracts were identified for TAGs (57 groups (Figure 1A). However, the analysis of the 336 lipid
lipid species), alkyl/alkenyl-phosphatidylethanolamines (PE-O, species in muscles of both diet groups (Figure 1C) resulted in

52 lipid species), PEs (47 lipid species), alkyl/alkenyl- a much clearer separation. This analysis indicated that PLS-DA
phosphatidylcholines (PC-O, 43 lipid species), and PCs (30 with all species in the muscle of the two groups provides a
lipid species). The concentration range for a single lipid much more differentiated separation of the two groups when
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Table 2. Mean Concentrations (nmol/mg Total Lipids) and Standard Error Mean (SEM) of the Top 20 Lipid Species in
Mauscles (M. Longissimus) of Pigs Fed with Control vs Microalgae-Based Diet According to Delta (Group Differences), log,-
Fold Change between Mean Concentrations, Absolute Differences between Group Means, and g-Values Limiting the False

Discovery Rate (FDR) to 0.01“

control group

microalgae group

no lipid species mean + SEM (n = 15) mean + SEM (n = 16) log,-fold change Delta q value (FDR-corrected)
1 TAG 56:7 1.9 + 0.01 302 + 1.9 3.98 28.31 8.83¢7Y
2 TAG 56:6 3.5+02 263 + 1.7 2.90 22.81 1.14e7Y
3 PC-0-16:0/18:2 28.0 + 1.5 11.1 + 0.7 —1.33 16.90 1.63e71°
4 PC-0-16:1/18:2 16.0 =+ 1.0 7.2 + 0.4 -1.16 8.84 2.73¢e7?
5 TAG 58:8 0.45 + 0.03 84 + 04 422 7.90 8.83¢7Y
6 TAG 56:8 045 + 0.04 7.5 + 0.6 4.07 7.07 1.56e718
7 PC-0-18:1/18:2 9.8 + 0.6 2.9 + 0.19 -1.76 6.95 9.21e71
38 TAG 54:4 30.6 + 2.0 24.0 £ 12 —-0.35 6.64 9.13¢73
9 TAG 54:6 3.0 £ 02 9.4 + 0.7 1.63 6.38 5.44e7 11
10 PE-0-18:2/18:2 179 + 1.0 11.6 + 0.2 —0.62 6.24 4.45e7°
11 PC16:0_20:4 1.9 + 0.2 7.6 £ 0.6 1.98 5.70 4.52¢71
12 PE-0-16:1/18:2 84 + 0.5 2.8 +02 -1.57 5.58 1.51e712
13 PC16:0_20:5 025 + 0.02 5.1 +04 437 4.89 3.07e7"
14 PC16:0_20:5 22.8 + 1.3 18.1 + 1.0 -0.33 4.67 8.77¢73
15 TAG 54:7 0.52 + 0.05 43 + 04 3.04 3.80 1.20e7
16 TAG 58:7 0.30 + 0.02 40+03 3.76 3.73 4,05e7Y
17 PC 18:1_18:2 10.4 + 0.6 69 +0.5 —-0.58 3.48 1.33¢7*
18 PS 18:2_18:0 8.7 + 0.5 53403 —0.71 3.40 7.38¢7°
19 TAG 56:5 3.5+02 68 +0.3 0.97 3.36 2.89¢78
20 PC-0-18:2/18:2 42+ 0.3 1.0 + 0.05 -2.13 3.24 1.52¢7

“The table is sorted by the highest group differences.

comparing the sum concentration of the lipid classes. This is
an indication that specific lipid species were strongly affected
by the diet. In addition, the loading plots of total
concentrations of lipid classes (Figure 1B) and concentrations
of 15 important lipid species (Figure 1D) (referring to a cutoff
of 0.785) were presented. This analysis further underlined the
strong influence of TAG species on the separation of the diet
groups shown in PLS-DA (Figure 1C). TAGs with a high
degree of unsaturation were increased in the microalgae group,
which were in contrast with some of the major abundant
species like TAG 52:2 and TAG 52:1 that were not affected by
supplementation. This illustrates that the use of all 336 single
lipid species identified in pig muscle for PLS-DA lead to a
stronger separation of both diet groups compared to the use of
1S lipid classes, only. Further pairwise comparison of the
lipidomes revealed that 199 out of 336 lipid species showed
significant concentration changes that represent a prevalence of
66% (g < 0.01).

Using more stringent cutoff criteria, still 113 of the 336 lipid
species (34%) showing significant differences (g < 0.01) also
have substantial changes in concentration (abs [log,FC] >
1.0). This result was visualized in a volcano plot (Figure 2 and
Supporting Table S2) and underlines that microalgae
supplementation is strongly reflected in the muscle lipidome.

Next, we investigated in detail which lipids were mostly
affected with a focus on two questions. First, do lipids
comprising DHA and EPA show increased abundance after
microalgae supplementation? Second, are there compensa-
tional effects detectable? For the top 20 nutritional most
affected lipids, representing 63.5% of overall concentration
change (Table 2), one can recognize that lipids with more than
four double bonds were increased in abundance. The strongest
gain in abundance was observed for highly unsaturated TAGs
that are likely to comprise DHA and EPA, the main #-3 PUFAs

in lipids of microalgae (Schizochytrium sp.). At the same time,
it can be observed that the six PE-O and PC-O lipids of the top
twenty list were decreased in concentration compared to the
control (Table 2). Furthermore, it can be assumed that for all
PE-O and PC-O species comprising aliphatic chains with
double bonds < 4 a reduction in concentration was observed
(Figure 3A,B). Membrane lipids comprising DHA (n = 18/19)
and EPA (n = 13/14) showed in the majority of cases
increased abundance in the microalgae group. With particular
interest, PE-O species using a specific mass spectrometric
fragmentation mechanism for identification of PE-plasmal-
ogens were analyzed.”’ This analysis further supported the
general observation that DHA and EPA comprising lipids were
increased in concentration in the microalgae group, while main
components with double bonds < 4 were generally reduced
when compared to the control (Figure 3C and Supporting
Table S3). A detailed analysis of TAG profiles was performed,
which confirmed that most of the abundant species with fewer
double bonds were not affected by microalgae intervention.
TAG 52:2 and TAG 52:1 in pig muscle had concentrations of
247 nmol/mg total lipids (control) vs 232 nmol/mg total
lipids (microalgae) and 144 nmol/mg total lipids (control) vs
137 nmol/mg total lipids (microalgae), respectively (Figure 4A
and Supporting Table S2).

They were not diet-affected, also reflected in the sum TAG
concentrations (Table 1). However, 10 of the 57 TAG species
(e.g, TAG 56:6, TAG 56:8, TAG 54:7, Figure 4B) comprising
at least 5 double bonds showed significantly increased
concentration with log,FC > 1. MS* analysis of these TAG
species revealed the increased incorporation of DHA and EPA
for the microalgae group. This was exemplarily shown for TAG
56:6 and TAG 54:6 in Figure 4C, while the FA composition
for TAG 52:2 was not changed. Subsequently, the FA
compositional changes between both groups for all TAG
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Figure 3. Concentrations (nmol/mg total lipid) of most abundant alkyl/alkenyl ether of PC-O (A) and PE-O (B) in muscle (longissimus thoracis)
of pigs fed with control vs microalgae-based diet (*significant differences log,-fold change > 1, q value < 0.01), sorted by the highest mean
concentrations. (C) PE-plasmalogen analysis derived from the positive ion mode tandem mass spectrometric analysis according to its specific
fragmentation.”>*® The molar percentage was computed on basis of the PE-plasmalogen fragment ion intensities for all identified 49 identified

species in control (C) and microalgae (M) groups (Supporting Table S3).

species were determined (Figure 4D). Besides the expected
increase for DHA and EPA, the significantly increased
abundance of fatty acids (FAs) 16:2, 16:3, 18:4, 20:4, 22:3,
and 22:5 could further be observed. Some of these FAs were
not analyzed in standard assays, and at this level of analysis, the
identity of isomers cannot be determined resulting from
double bond position and configuration. Noteworthy is also
the detection of the highly unsaturated FAs 20:6 and 18:5 that
were not affected by microalgae intervention. Our results
confirm that dietary DHA and EPA, highly enriched in lipids of
microalgae (Schizochytrium sp.), were incorporated into
storage and membrane lipids in pig muscles. Thus,
supplementation with microalgae offers a unique opportunity
to increase the levels of essential n-3 LC-PUFAs (DHA, EPA)
in pork and thus contributes to the recommended intake of

long-chain n-3 PUFAs by the consumers.
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4. DISCUSSION

Dietary n-3 PUFAs incorporated in complex lipids can affect a
range of metabolic and physiological functions, such as energy
storage, membrane organization, and signal transductions via
lipid mediators synthesized by cyclooxygenase (COX), lip-
oxygenase (LOX), and cytochrome P450 (CYP). These
physiological important processes are modulated in regard to
different key lipids in which n-3 PUFAs are bound.
Accordingly, lipidome analysis was performed to catalogue-
induced compositional changes by n-3 PUFA supplementation
in pig muscle tissues.”* It has been shown that dietary n-3
PUFAs can inhibit the transcription of lipogenic genes by
suppressing sterol regulatory element-binding protein lc
(SREBP-1c) gene expression or by inhibiting the proteolytic
release of nuclear SREBP-1c in pig muscles and adipose
tissues.”>*® It appears that n-3/n-6 PUFAs act as ligands/
modulators for nuclear receptors, thereby suppressing de novo
fatty acid synthesis, and thus, lipogenesis and n-3 PUFAs
appear to be more potent than n-6 PUFAs.”” Lipidomic
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Figure 4. Concentrations (nmol/mg total lipid) of TAG species containing up to four double bonds (A) and > 4 double bonds (B) in muscles
(longissimus thoracis) of pigs fed with control vs microalgae-based diet (*significant differences log,-fold change > 1, g value < 0.01), sorted by the
highest mean concentrations. (C) Analysis of the fatty acid composition of TAG 52:2, TAG 56:6, and TAG 54:6. [TAG + NH,]" adduct ions
undergo a neutral loss (NL) of the fatty acid and ammonia and the contribution of single fatty acids can be estimated from the intensities of
resulting fragment ions (Supporting Figures SF1—SF4). (D) Overall FA content of TAG determined from MS? analysis. Presented profiles are the
mean values for the complete data set, control (n = 16) and microalgae (n = 15).

approaches on pig muscle tissues to study dietary effects and
lipid metabolism have so far only been conducted very rarely.'’

Our present study using microalgae (Schizochytrium sp.)
clearly demonstrated the incorporation of dietary DHA and
EPA (up to 37% DHA and 1% EPA in total diets®) in
membrane and storage lipids of pig muscle tissues (Table 2
and Supporting Table S2). Microalgae supplementation led to
an almost two times higher number of lipid species containing
> S double bonds in pig muscles compared with the control.
This incorporation of DHA/EPA should lead to the
reorganization of membrane composition in pig muscles,
which was indicated by the changed meat quality in our study
as published before.” Microalgae supplementation increased
the water holding capacity (WHC) and the protein proportion
in Landrace pig muscles compared to the control group.® The
DHA/EPA incorporation into membrane lipids could be
predominantly shown for PC16:0 22:6, PE18:0 22:6,
PI18:0_22:6, and EPA-containing species (PC16:0_20:S,
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PE18:0_20:5) with the highest species concentrations in
muscle of pigs fed with microalgae-supplemented diets. This
supports the hypothesis that primarily n-3 PUFAs seem to
enable the muscle fibers to build a more flexible lipid bilayer
membrane associated with higher WHC in pigs.28 Moreover,
the observed compositional changes of membranes by the
incorporation of EPA/DHA in skeletal muscle lipid species
appear to stimulate the synthesis of proteins, resulting in hi§her
total protein contents in pig longissimus thoracis muscle.
DHA/EPA incorporation into the membrane lipid species
was contrasted by the displacement of ether lipid species
containing n-6 PUFAs with double bonds <4 in the acyl chains
(e.g., PC-O-16:0_18:2, PC-O-16:1 18:2, PE-O-18:1 20:4,
Figure 3), resulting in lower species concentrations. This is
in line with our results of total fatty acid analysis showing lower
18:2n-6, 20:4n-6, and 22:4n-6 concentrations in muscles of
pigs fed with microalgae compared to the control group.® This
finding suggests that systemic changes have occurred because
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of nutritional intervention with microalgae. Generally, it is
known that ether-linked phospholipids represent about 20% of
total PLs in mammalian cells."> These ether lipids comprise
two structurally different types, defined by either alkyl or
alkenyl linkage of the aliphatic chain on glycerol, which have
different physicochemical properties and most likely different
functions.”” In recent studies, the occurrence of ether-linked
phospholipids in farm animal tissues has been described;
however, the physiological effects on the muscle of pigs fed
with different PUFA-based diets were not investigated.'”"
Generally, plasmalogens are doubted to function as endoge-
nous antioxidants in tissues.”” We assume that ether-linked
phospholipids in the microalgae group may have been
consumed to maintain antioxidant status/membrane homeo-
stasis in the muscle. However, the complex interaction of lipid
synthesis pathways and nutritional intervention is intercon-
nected by lipid signaling events and crosstalk with other lipid
classes.”” We likely detect effects of ether lipids signaling and
PUFA-containing PLs that are known precursors of signaling
molecular species like lipid mediators.”” This should be
considered in further dietary lipid studies on pigs to cover
such secondary up- or downregulation of other lipids occurring
because of the primary effect of the diet.">*" Based on the
current knowledge, plasmalogens should play an important
role in the regulation of membrane homeostasis, in particular
membrane trafficking.”

Microalgae-supplemented diet led to increased concen-
trations of LPC 20:5, LPI 20:5, and LPI 22:6 in pig muscle and
reduced concentrations of n-6 PUFA-containing lysophospho-
lipid species (LPC 22:4, LPI 22:4). The overall low
concentration level of these lysolipids points rather to changed
lipid signaling than structural changes. Lysolipids are products
of phospholipase A2 (PLA2), and for instance, LPC 22:6
shows anti-inflammatory properties compared to other n-6
PUFA-substituted LPCs.”' ™’ Tt is also noteworthy that
despite the modifications in the acyl groups of individual
species of LPC, LPE, and LPI in response to the microalgae
diet, there was no significant difference in the sum
concentrations of these PL classes between both diets groups
(Table 1). This observation suggests that the functional
properties of individual species of LPE, LPC, and LPI are
potentially modulated by the incorporation of long-chain n-3
PUFAs, however without affecting sum PL class concentrations
in pig muscle.

The DHA/EPA incorporation in membrane lipid species in
pig muscles should originate almost completely from micro-
algae supplementation, although pigs are able to synthesize
these long-chain #-3 PUFA de novo. Our recent results of fatty
acid analysis of pig muscle tissues confirmed the high
accumulation rate of DHA/EPA showing significantly higher
total DHA and EPA concentrations in microalgae group, for
DHA (97.4 mg/100g muscle) compared to the control group
(14.7 mg DHA/100g muscle).® However, it is not possible to
infer the origin of DHA and EPA from microalgae
supplementation or de novo synthesized using the available
data. A number of pig diet intervention studies revealed that
feeding of vegetable-based PUFA-rich supplements—Ilipids
high in 18:3n-3 and 18:2n-6 (linseed or rapeseed, cakes/oils/
meals)—did not result in enhanced DHA/EPA accumulation
in muscle tissues.””> One reason seems to be that n-3 PUFA
supplementation of pig diet inhibits the expression of
transcription factors and genes encoding lipogenic enzymes
(SREBP-1, ELOVLS, FADS1, and FADS2) and caused the

endogenous de novo synthesis of DHA comprising lipids to
remain unchanged.** In particular, dietary n-3 PUFAs have
been shown to inhibit the transcription of lipogenic genes by
suppressing SREBP-1c gene expression in porcine muscle and
adipose tissue.”>*® Based on current knowledge, it appears that
n-3/n-6 PUFAs act as modulators for nuclear receptors and
consequently suppress de novo fatty acid synthesis, so
lipogenesis and n-3 PUFAs appear to be more effective than
n-6 PUFAs.”” A recent pig dietary intervention study applying
supplements of 5—10% insect meal in the diet indicated
decreased incorporation of de novo synthesized DHA into
hepatic phospholipid species using a lipidomic approach;
however, no specific investigation into the skeletal muscle
tissues was performed.”” For the endogenous synthesis of
DHA, two pathways are assumed, one is the elongation of
22:5n-3 (DPA) to 24:5n-3 subsequently desaturated into
24:6n-3 (A6 desaturase) and backconverted into 22:6n-3
(DHA) via peroxisomal S-oxidation.”” The second potential
pathway can be the direct desaturation of 22:51-3 into 22:6n-3
(A4 desaturase).”® Thus, further detailed lipidomic studies
combined with transcriptomic and proteomic studies on pigs
ted with different diets are necessary to investigate the putative
pathways of DHA incorporation into skeletal muscle tissues.

In conclusion, lipidomic analysis can improve our under-
standing of lipid metabolism and its influence on skeletal
muscle physiology. Further investigation of dietary n-3 PUFA
incorporation into storage and membrane lipids is required to
gain insight into functional and physiological consequences of
microalgae supplementation and other n-3 PUFA natural
sources.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c02476.

(XLSX)

Details on the internal standard mixture used in
lipidomics analysis (S1), concentration of all lipid
species in muscles of both diet groups considered in
the statistical analysis (S2), profiles of phosphatidyle-
thanolamine—plasmalogens (mol percentage) (S3), and
exemplary MS spectra of TAGs of muscle tissue lipid
extracts in the positive ion mode (S4) (PDF)

B AUTHOR INFORMATION

Corresponding Author
Dirk Dannenberger — Lipid Metabolism and Muscular
Adaptation Workgroup, Research Institute for Farm Animal
Biology, Institute of Muscle Biology and Growth, 18196
Dummerstorf, Germany; ® orcid.org/0000-0002-5201-
0935; Phone: +49-38208-68884; Email: dannenberger@
fbn-dummerstorf.de

Authors

Anja Eggert — Institute of Genetics and Biometry, Research
Institute for Farm Animal Biology, 18196 Dummerstorf,
Germany

Claudia Kalbe — Lipid Metabolism and Muscular Adaptation
Workgroup, Research Institute for Farm Animal Biology,
Institute of Muscle Biology and Growth, 18196 Dummerstorf,
Germany

https://doi.org/10.1021/acsomega.2c02476
ACS Omega 2022, 7, 24785—-24794


https://pubs.acs.org/doi/10.1021/acsomega.2c02476?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c02476/suppl_file/ao2c02476_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c02476/suppl_file/ao2c02476_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dirk+Dannenberger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5201-0935
https://orcid.org/0000-0002-5201-0935
mailto:dannenberger@fbn-dummerstorf.de
mailto:dannenberger@fbn-dummerstorf.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anja+Eggert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+Kalbe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Woitalla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Anna Woitalla — Division of Bioanalytical Chemistry, Research
Center Borstel—Leibniz Lung Center, 23845 Borstel,
Germany

Dominik Schwudke — Division of Bioanalytical Chemistry,
Research Center Borstel—Leibniz Lung Center, 23845
Borstel, Germany; German Center for Lung Research (DZL),
Airway Research Center North (ARCN) and German Center
for Infection Research, Thematic Translational Unit
Tuberculosis, Research Center Borstel—Leibniz Lung Center,
23845 Borstel, Germany; ® orcid.org/0000-0002-1379-
9451

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c02476

Author Contributions

*D.D. and A.E. contributed equally to the work. D.D. and C.K.
designed the pig dietary study and performed sample collection
and lipid extractions. D.S. and AW. performed the shotgun
lipidomics analysis. A.E. conducted data analysis and statistics.
D.D, AE. and D.S. wrote the manuscript, with edits from
other authors. All authors have read and approved this
manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Birgit Jentz and Maria Dahm of the
Institute of Muscle Biology and Growth who collaborated in
terms of muscle sample preparation. Thanks to our colleagues
from the experimental pig unit and the experimental
slaughterhouse for their assistance. The authors thank Dr.
Nils Hoffmann (FZ Jiilich) for support in the lipidome data
processing. Dominik Schwudke acknowledges the financial
support from the German Network for Bioinformatics
Infrastructure (de.NBI) for the project LIFS2 (FKZ
031L0108B).

B REFERENCES

(1) Juarez, M.; Dugan, M. E. R;; Aldai, N.; Aalhus, J. L.; Patience, J.
F.; Zijlstra, R. T.; Beaulieu, A. D. Feeding co-extruded flaxseed to
pigs: Effect of duration and feeding level on growth performance and
back fat fatty acid composition of grower-finisher pigs. Meat Sci. 2010,
84, 578—584.

(2) Niirnberg, K; Niirnberg, G.; Priepke, A.; Dannenberger, D. Sea
buckthorn pomace supplementation in the finishing diets of pigs - are
there effects on meat quality and muscle fatty acids? Arch. Anim.
Breed. 20185, 58, 107—113.

(3) Skugor, A.; Kjos, N. P.; Sundaram, A. Y. M.; Mydland, L. T,;
Anestad, R.; Tauson, A. H; Overland, M. Effects of long-term feeding
of rapeseed meal on skeletal muscle transcriptome, production
efficiency and meat quality traits in Norwegian Landrace growing-
finishing pigs. PLoS One 2019, 14, No. e0220441.

(4) Tretola, M.; Maghin, F.; Silacci, P.; Ampuero, S.; Bee, G. Effect
of Supplementing Hydrolysable Tannins to a Grower—Finisher Diet
Containing Divergent PUFA Levels on Growth Performance, Boar
Taint Levels in Back Fat and Intestinal Microbiota of Entire Males.
Animals 2019, 9, No. 1063.

(5) Realini, C. E; Duran-Montge, P.; Lizardo, R.; Gispert, M,;
Oliver, M. A.; Esteve-Garcia, E. Effect of source of dietary fat on pig
performance, carcass characteristics and carcass fat content,
distribution and fatty acid composition. Meat Sci. 2010, 85, 606—612.

(6) Madeira, M. S.; Cardoso, C.; Lopes, P. A.; Coelho, D.; Afonso,
C.; Bandarra, N. M; Prates, J. A. M. Microalgae as feed ingredients for

livestock production and meat quality: A review. Livest. Sci. 2017, 208,
111-121.

(7) Vossen, E.; Raes, K; Van Mullem, D.; De Smet, S. Production of
docosahexaenoic acid (DHA) enriched loin and dry cured ham from
pigs fed algae: Nutritional and sensory quality. Eur. J. Lipid Sci.
Technol. 2017, 119, No. 1600144.

(8) Kalbe, C.; Priepke, A.; Niirnberg, G.; Dannenberger, D. Effects
of long-term microalgae supplementation on muscle microstructure,
meat quality, and fatty acid composition in growing pigs. J. Anim.
Physiol. Anim. Nutr. 2019, 103, 574—582.

(9) Dannenberger, D.; Siif, R.; Teuber, K.; Fuchs, B.; Niirnberg, K;
Schiller, J. The intact muscle lipid composition of bulls: an
investigation by MALDI-TOF MS and 31P NMR. Chem. Phys. Lipids
2010, 163, 157—164.

(10) Dannenberger, D.; Niirnberg, G.; Niirnberg, K; Will, K;
Schauer, N.; Schmicke, M. Effects of diets supplemented with n-3 or
n-6 PUFA on pig muscle lipid metabolites measured by non-targeted
LC-MS lipidomic profiling. J. Food Compos. Anal. 2017, 56, 47—54.

(11) Bermingham, E. N.; Reis, M. G; Subbaraj, A. K;; Cameron-
Smith, D.; Fraser, K; Jonker, A.; Craigie, C. R. Distribution of fatty
acids and phospholipids in different table cuts and co-products from
New Zealand pasture-fed Wagyu-dairy cross beef cattle. Meat Sci.
2018, 140, 26—37.

(12) Artegoitia, V. M.; Foote, A. P.; Lewis, R. M.; Freetly, H. C.
Metabolomics profile and targeted Lipidomics in multiple tissues
associated with feed efficiency in beef steers. ACS Omega 2019, 4,
3973—-3982.

(13) Meyer, S.; Gessner, D. K.; Braune, M. S.; Friedhoff, T.; Most,
E,; Horing, M.; Liebisch, G.; Zorn, H,; Eder, K; Ringseis, R.
Comprehensive evaluation of the metabolic effects of insect meal
from Tenebrio molitor L. in growing pigs by transcriptomics, metabo-
lomics and lipidomics. J. Anim. Sci. Biotechnol. 2020, 11, No. 20.

(14) Mi, S.; Shang, K; Xia, L.; Zhang, C. H,; Liy, J. Q,; Huang, deQ.
Characterization and discrimination of selected China’s domestic pork
using an LC-MS-based lipidomics approach. Food Control 2019, 100,
305—-314.

(15) Chao, M. D.; Donaldson, E. A;; Wu, W.; Welter, A. A;
O’Quinn, T. G,; Hsu, W. W,; Schulte, M. D.; Lonergan, S. M.
Characterizing membrane phospholipid hydrolysis of pork loins
throughout three aging periods. Meat Sci. 2020, 163, No. 108065.

(16) Herzog, R; Schwudke, D.; Schuhmann, K; Sampaio, J. L.;
Bornstein, S. R.; Schroeder, M.; Shevchenko, A. A novel informatics
concept for high-throughput shotgun lipidomics based on the
molecular fragmentation query language. Genome Biol. 2011, 12,
No. R8.

(17) Herzog, R; Schwudke, D.; Shevchenko, A. LipidXplorer:
Software for quantitative shotgun lipidomics compatible with multiple
mass spectrometry platforms. Curr. Protoc. Bioinf. 2013, 43, 14.12.1—
14.12.30.

(18) Eggers, L. F.; Schwudke, D. Shotgun lipidomics approach for
clinical samples. Methods Mol. Biol. 2018, 1730, 163—174.

(19) Schwudke, D.; Shevchenko, A.; Hoffmann, N.; Ahrends, R.
Lipidomics informatics for life science. J. Biotechnol. 2017, 261, 131—
136.

(20) Liebisch, G.; Binder, M.; Schifferer, R.; Langmann, T.; Schulz,
B,; Schmitz, G. High throughput quantification by electrospay
ionization tandem mass spectrometry (ESI-MS/MS). Biochim.
Biophys. Acta, Mol. Cell Biol. Lipids 2006, 1761, 121—128.

(21) Storey, J. D.; Bass, A. J.; Alan Dabney, A.; Robinson, D. qvalue:
Q-value estimation for false discovery rate control. R package version
2.22.0, 2020, http://github.com/jdstorey/qvalue.

(22) Rohart, F.; Gautier, B.; Singh, A.; Le Cao, K. A. MixOmics: An
R package for "omics feature selection and multiple data integration.
PLoS Comput. Biol. 2017, 13, No. e1005752.

(23) Zemski-Berry, K. A,; Murphy, R. C. Electrospray ionization
tandem mass spectrometry of glycerophosphoethanolamie plasmal-
ogen phospholipids. J. Am. Soc. Mass Spectrom. 2004, 15, 1499—1508.

(24) Naoe, S.; Tsugawa, H.; Takahashi, M.; Ikeda, K.; Arita, M.
Characterization of lipid profiles after dietary intake of polyunsatu-

https://doi.org/10.1021/acsomega.2c02476
ACS Omega 2022, 7, 24785—-24794


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominik+Schwudke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1379-9451
https://orcid.org/0000-0002-1379-9451
https://pubs.acs.org/doi/10.1021/acsomega.2c02476?ref=pdf
https://doi.org/10.1016/j.meatsci.2009.10.015
https://doi.org/10.1016/j.meatsci.2009.10.015
https://doi.org/10.1016/j.meatsci.2009.10.015
https://doi.org/10.5194/aab-58-107-2015
https://doi.org/10.5194/aab-58-107-2015
https://doi.org/10.5194/aab-58-107-2015
https://doi.org/10.1371/journal.pone.0220441
https://doi.org/10.1371/journal.pone.0220441
https://doi.org/10.1371/journal.pone.0220441
https://doi.org/10.1371/journal.pone.0220441
https://doi.org/10.3390/ani9121063
https://doi.org/10.3390/ani9121063
https://doi.org/10.3390/ani9121063
https://doi.org/10.3390/ani9121063
https://doi.org/10.1016/j.meatsci.2010.03.011
https://doi.org/10.1016/j.meatsci.2010.03.011
https://doi.org/10.1016/j.meatsci.2010.03.011
https://doi.org/10.1016/j.livsci.2017.09.020
https://doi.org/10.1016/j.livsci.2017.09.020
https://doi.org/10.1002/ejlt.201600144
https://doi.org/10.1002/ejlt.201600144
https://doi.org/10.1002/ejlt.201600144
https://doi.org/10.1111/jpn.13037
https://doi.org/10.1111/jpn.13037
https://doi.org/10.1111/jpn.13037
https://doi.org/10.1016/j.chemphyslip.2009.10.011
https://doi.org/10.1016/j.chemphyslip.2009.10.011
https://doi.org/10.1016/j.jfca.2016.11.015
https://doi.org/10.1016/j.jfca.2016.11.015
https://doi.org/10.1016/j.jfca.2016.11.015
https://doi.org/10.1016/j.meatsci.2018.02.012
https://doi.org/10.1016/j.meatsci.2018.02.012
https://doi.org/10.1016/j.meatsci.2018.02.012
https://doi.org/10.1021/acsomega.8b02494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b02494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s40104-020-0425-7
https://doi.org/10.1186/s40104-020-0425-7
https://doi.org/10.1186/s40104-020-0425-7
https://doi.org/10.1016/j.foodcont.2019.02.001
https://doi.org/10.1016/j.foodcont.2019.02.001
https://doi.org/10.1016/j.meatsci.2020.108065
https://doi.org/10.1016/j.meatsci.2020.108065
https://doi.org/10.1186/gb-2011-12-1-r8
https://doi.org/10.1186/gb-2011-12-1-r8
https://doi.org/10.1186/gb-2011-12-1-r8
https://doi.org/10.1002/0471250953.bi1412s43
https://doi.org/10.1002/0471250953.bi1412s43
https://doi.org/10.1002/0471250953.bi1412s43
https://doi.org/10.1007/978-1-4939-7592-1_12
https://doi.org/10.1007/978-1-4939-7592-1_12
https://doi.org/10.1016/j.jbiotec.2017.08.010
https://doi.org/10.1016/j.bbalip.2005.12.007
https://doi.org/10.1016/j.bbalip.2005.12.007
http://github.com/jdstorey/qvalue
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1016/j.jasms.2004.07.009
https://doi.org/10.1016/j.jasms.2004.07.009
https://doi.org/10.1016/j.jasms.2004.07.009
https://doi.org/10.3390/metabo9100241
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

rated fatty acids using integrated untargeted and targeted lipidomics.
Metabolites 2019, 9, No. 241.

(25) Duan, Y,; Li, F; Li, L; Fan, J; Sun, X,; Yin, J. N-6:n-3 PUFA
ratio is involved in regulating lipid metabolism and inflammation in
pigs. Br. J. Nutr. 2014, 111, 445—451.

(26) Wei, H. K; Zhou, Y,; Jiang, S.; Tao, Y. X.; Sun, H,; Peng, J;
Jiang, S. Feeding a DHA-enriched diet increases skeletal muscle
protein synthesis in growing pigs: association with increased skeletal
muscle insulin action and local mRNA expression of insulin-like
growth factor 1. Br. J. Nutr. 2013, 110, 671—680.

(27) Schmitz, G.; Ecker, J. The opposing effects of n-3 and n-6
PUFA. Prog. Lipid Res. 2008, 47, 147—155.

(28) Jiang, J.; Tang, X.; Xue, Y.; Lin, G.; Xiong, L. Dietary linseed oil
supplemented with organic selenium improved the fatty acid
nutritional profile, muscular selenium deposition, water retention,
and tenderness of fresh pork. Meat Sci. 2017, 131, 99—106.

(29) Jiménez-Rojo, N.; Riezman, H. On the road to unraveling the
molecular functions of ether lipids. FEBS Lett. 2019, 593, 2378—2389.

(30) Shi, X,; Tarazona, P.; Brock, T. J.; Browse, J.; Feussner, L;
Watts, J. L. A Caenorhabditis elegans model for ether lipid
biosynthesis and function. J. Lipid Res. 2016, 57, 265—275.

(31) Hung, N. D.; Kim, M. R;; Sok, D. E. Oral administration of 2-
docosahexaenoyl lysophosphatidylcholine displayed anti-inflamma-
tory effects on zymosan A-induced peritonitis. Inflammation 2011, 34,
147-160.

(32) Balogun, K. A,; Albert, C. J.; Ford, D. A.; Brown, R. J.; Cheema,
S. K. Dietary omega-3 polyunsaturated fatty acids alter the fatty acid
composition of hepatic and plasma bioactive lipids in C57BL/6 mice:
A lipidomic approach. PLoS One 2013, 8, No. e82399.

(33) Ottestad, I; Hassani, S.; Borge, G. L; Kohler, A.; Vogt, G.; et al.
Fish oil supplementation alters the plasma lipidomic profile and
increases long-chain PUFAs of phospholipids and triglycerides in
healthy subjects. PLoS One 2012, 7, No. e42550.

(34) Guillevic, M.; Kouba, M.; Mourot, J. Effect of a linseed diet or
sunflower diet on performance, fatty acid composition, lipogenic
enzyme activity and stearoyl-CoA-desaturase activity in the pig. Livest.
Sci. 2009, 124, 288—294.

(35) Jon Meadus, W.; Duff, P.; Rolland, D.; Aalhus, J. L.; Uttaro, B.;
Dugan, M. E. R. Feeding docosahexaenoic acid to pigs reduces blood
triglycerides and induces gene expression for fat oxidation. Can. J.
Anim. Sci. 2011, 91, 601—612.

(36) De Tonnac, A.; Guillevic, M.; Mourot, J. Fatty acid
composition of several muscles and adipose tissues of pigs fed n-3
PUFA rich diets. Meat Sci. 2018, 140, 1-8.

(37) Schlenk, H.; Sand, D. M.; Gellerman, J. L. Retroconversion of
docosahexaenoicacid in the rat. Biochim. Biophys. Acta, Lipids Lipid
Metab. 1969, 187, 201—207.

(38) Park, H. G.; Park, W. J.; Kothapalli, K. S.; Brenna, J. T. The
fatty acid desaturase 2 (FADS2) gene product catalyzes A4
desaturation to yield n-3 docosahexaenoic acid and n-6 docosapen-
taenoic acid in human cells. FASEB J. 2018, 29, 3911-3919.

(39) Schwudke, D.; Oegema, J.; Burton, L.; Entchev, E.; Hannich, J.
T.; Ejsing, C. S.; Kurzchalia, T.; Shevchenko, A. Lipid profiling by
multiple precursor and neutral loss scanning driven by the data-
dependent acquisition. Anal. Chem. 2006, 78, 585—595.

24794

https://doi.org/10.1021/acsomega.2c02476
ACS Omega 2022, 7, 24785—-24794


https://doi.org/10.3390/metabo9100241
https://doi.org/10.1017/S0007114513002584
https://doi.org/10.1017/S0007114513002584
https://doi.org/10.1017/S0007114513002584
https://doi.org/10.1017/S0007114512005740
https://doi.org/10.1017/S0007114512005740
https://doi.org/10.1017/S0007114512005740
https://doi.org/10.1017/S0007114512005740
https://doi.org/10.1016/j.plipres.2007.12.004
https://doi.org/10.1016/j.plipres.2007.12.004
https://doi.org/10.1016/j.meatsci.2017.03.014
https://doi.org/10.1016/j.meatsci.2017.03.014
https://doi.org/10.1016/j.meatsci.2017.03.014
https://doi.org/10.1016/j.meatsci.2017.03.014
https://doi.org/10.1002/1873-3468.13465
https://doi.org/10.1002/1873-3468.13465
https://doi.org/10.1194/jlr.M064808
https://doi.org/10.1194/jlr.M064808
https://doi.org/10.1007/s10753-010-9218-z
https://doi.org/10.1007/s10753-010-9218-z
https://doi.org/10.1007/s10753-010-9218-z
https://doi.org/10.1371/journal.pone.0082399
https://doi.org/10.1371/journal.pone.0082399
https://doi.org/10.1371/journal.pone.0082399
https://doi.org/10.1371/journal.pone.0042550
https://doi.org/10.1371/journal.pone.0042550
https://doi.org/10.1371/journal.pone.0042550
https://doi.org/10.1016/j.livsci.2009.02.009
https://doi.org/10.1016/j.livsci.2009.02.009
https://doi.org/10.1016/j.livsci.2009.02.009
https://doi.org/10.4141/cjas2011-055
https://doi.org/10.4141/cjas2011-055
https://doi.org/10.1016/j.meatsci.2017.11.023
https://doi.org/10.1016/j.meatsci.2017.11.023
https://doi.org/10.1016/j.meatsci.2017.11.023
https://doi.org/10.1016/0005-2760(69)90028-9
https://doi.org/10.1016/0005-2760(69)90028-9
https://doi.org/10.1096/fj.15-271783
https://doi.org/10.1096/fj.15-271783
https://doi.org/10.1096/fj.15-271783
https://doi.org/10.1096/fj.15-271783
https://doi.org/10.1021/ac051605m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac051605m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac051605m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

