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Lysophosphatidylcholine (LPC) has been widely used as emulsifier in animal feeds to enhance the lipid utili-
zation. However, the effects of LPC on fillet quality has rarely been known. The present study was the first time to
investigate the response of fish muscle lipidomics to dietary LPC supplementation. Turbot muscle samples were
collected after a 56-day feeding trial where the experimental diet contained 0 or 0.25% LPC. Targeted tandem
mass spectrometry was used in the lipidomic analysis. A total of 62 individual lipids (58 up-regulated and 7

down-regulated by LPC) showed significant difference in concentration in response to dietary LPC. Most of these
differentially abundant lipids were diacylglycerol, free fatty acid and cardiolipin, and they all were up-regulated
by dietary LPC. However, LPC exerted only marginal effects on muscle fatty acid composition and lipid content.
The effects of dietary LPC on fillet lipid composition cannot be neglected in fish product evaluation.

1. Introduction

Emulsifier-like feed additives have been widely used in terrestrial
animals (Saleh et al., 2020; Wickramasuriya et al., 2020), and also in fish
(Bergman, Trushenski & Drawbridge, 2018; Medagoda, Kim, Gunathi-
laka & Lee, 2021) Compared to other emulsifiers, which has been widely
investigated such as bile acids (Jin et al., 2019; Liao et al., 2020),
lysophospholipids (LPL) attracted less interest in both terrestrial animals
and fish (Hosseini, Nourmohammadi, Nazarizadeh & Latshaw, 2018).
However, in recent years, increasing attention is being paid on the
application of LPL (mostly lysolecithin) in fish feeds. Efficacy of dietary
supplementation of LPL has been evaluated in fish species such as hybrid
tilapia (Oreochromis aureus 3 x Oreochromis niloticus Q) (Li et al., 2010),
channel catfish (Ictalurus punctatus) (Liu et al., 2020), and rainbow trout
(Oncorhynchus mykiss) (Taghavizadeh, Shekarabi, Mehrgan & Islami,
2020; Adhami, Amirkolaei, Oraji, Kazemifard & Mahjoub, 2021), with
most studies revealing positive effects of LPL (0.1%-0.9% in the diets) on
fish growth performances.

In terrestrial animals, studies have suggestedd the potential of LPL in

regulating the muscle lipid composition, myopathy, and muscle yield
(Huo et al., 2019; Ferrara et al., 2021), although the muscle lipid
composition-related studies were still scarce. Dietary LPL could decrease
the lipase concentration in the serum, which might enhance lipid
deposition in muscle and thus increase meat quality (Huo et al., 2019).
The LPL metabolism also acts as an important target of adiponectin
action, which regulates lipid metabolism and accumulation in various
tissues including muscle (Liu et al., 2015). On inhibition of lipid per-
oxidation, comparable effects of LPL and vitamin C were even observed
(Zangeneh et al., 2020).

However, in contrast, the effects of dietary LPL on the lipid meta-
bolism and composition of farmed fish muscle have not been reported.
Turbot is a worldwide important aquaculture fish species. It has a
relatively low lipid content in the muscle, making the muscle lipid
susceptive to dietary influence. Dietary LPL is expected to regulate the
muscle lipid profile via multiple mechanisms including emulsifying ac-
tions in lipid absorption, modifying lipoprotein synthesis, and influ-
encing lipid transport across different tissues. With a feeding trial on
turbot followed by a muscle lipidomic analysis, the present study was

Abbreviations: BMP, bis(monoacylglycero)phosphate; CE, cholesteryl ester; Cer, ceramide; Cho, cholesterol; CL, cardiolipin; DAG, diacylglycerol; FFA, free fatty
acid; GalCer, galactosylceramide; GluCer, glucosylceramide; GM3, monosialodihexosyl ganglioside; LacCer, lactosylceramide; LPA, lysophosphatidic acid; LPC,
lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol; LPS, lysophosphatidylserine; PA, phosphatidic acid; PC, phosphati-
dylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; S1P, sphingosine 1-phosphate; SL, sulfolipid;
SM, sphingomyelin; Sph, sphingosine; TAG, triacylglycerol.

* Corresponding author at: Department of Food Engineering and Nutrition, Yellow Sea Fisheries Research Institute, 106 Nanjing Road, Qingdao 266071, China.

E-mail address: liangmq@ysfri.ac.cn (M. Liang).

https://doi.org/10.1016/j.fochx.2022.100293
Received 3 December 2021; Received in revised form 23 February 2022; Accepted 23 March 2022

Available online 24 March 2022
2590-1575/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:liangmq@ysfri.ac.cn
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2022.100293
https://doi.org/10.1016/j.fochx.2022.100293
https://doi.org/10.1016/j.fochx.2022.100293
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Xu et al.

Table 1

Lipid metabolites having significantly (P < 0.05) different abundance between
LPC and the control group. Fold: LPC/control. “1” and “|” represents up- and
down-regulation by dietary LPC, respectively.

Lipid Pvalue Fold Lipid Pvalue Fold

DAG32:2(16:1/ 0.0043 1.58t  PG36:3(16:0_20:3) 0.0173 1.631
16:1)

DAG34:2(16:0/ 0.0043 1.701  CL68:6(16:1) 0.0173  0.62]
18:2)

DAG34:1(16:0/ 0.0043 1.46t  CL70:5(16:1) 0.0173  0.75]
18:1)

DAG36:3(18:2/ 0.0043 1.671 CL78:11(20:3) 0.0173 1.381
18:1)

DAG36:2(18:2/ 0.0043 1.58t  FFA20:5 0.0173 1.601
18:0)

DAG36:1(18:1/ 0.0043 1.74t  FFA17:1 0.0173 1.371
18:0)

DAG38:5(16:1/ 0.0043 1.87t  PE38:4 0.0173 1.271
22:5)

DAG38:4(18:1/ 0.0043 1.66t  PA38:6 0.0173 1.461
20:3)

CL70:7(16:1)
CL70:6(16:1)
CL70:6(18:2)

0.0043 0.68]
0.0043 0.71]
0.0043 0.731

18:3-carnitine
20:4-carnitine
20:5-carnitine

0.0173 1.871
0.0173 2.281
0.0173 1.931

CL76:9(18:2) 0.0043 1.221  LPC20:5 0.0173 2.031
FFA22:5 0.0043 1.591 LPC22:6 0.0173 1.841
FFA18:1 0.0043 1.331  LPC22:5 0.0173 2.031
PE42:0p 0.0043 1.321  DAG32:2(18:2/ 0.0303 1.631
14:0)
DAG34:2(16:1/ 0.0087 1.541  DAG32:1(16:1/ 0.0303 1.411
18:1) 16:0)
DAG36:2(18:1/ 0.0087 1.55t  DAG32:1(14:0/ 0.0303 1.451
18:1) 18:1)
DAG38:6(16:0/ 0.0087 1.831  DAG32:0(16:0/ 0.0303 1.391
22:6) 16:0)
DAG38:6(18:1/ 0.0087 1.771 DAG36:4(18:2/ 0.0303 1.721
20:5) 18:2)
DAG40:6(18:1/ 0.0087 1.601  CL72:9(16:1) 0.0303 0.771
22:5)
CL70:8(16:1) 0.0087 0.70/  CL76:10(20:3) 0.0303 1.181

CL72:9(18:2)
CL78:12(20:3)

0.0087 0.831
0.0087 1.381

CL78:13(20:3)
CL78:12(18:2)

0.0303 1.27¢
0.0303 1.291

CL78:11(18:2) 0.0087 1.351  FFA18:4 0.0303 1.631
FFA22:4 0.0087 1.421  PI40:6 0.0303 1.171
FFA20:4 0.0087 1.51t  LPA18:3 0.0303 1.571
FFA18:3 0.0087 1.73t  Cer d18:1/24:0 0.0303 1.791
FFA18:2 0.0087 1.651 16:2-carnitine 0.0303 2.041
GluCer d18:1/23:0 0.0087 1.661  LPC18:2 0.0303 1.651
DAG34:3(16:2/ 0.0173 1.531  LPC20:4 0.0303 1.971
18:1)
DAG34:3(18:2/ 0.0173 1.651  LPA20:5 0.0353 1.611
16:1)

aimed at preliminarily evaluating the effects of dietary LPC supple-
mentation on the lipid profile of turbot muscle. This was the first time to
evaluate the LPC effects on fish muscle lipidome. Results of this study
could be beneficial to better management of LPL application in fish
feeds.

2. Materials and methods
2.1. Experimental diets, feeding trial and sampling

Two experimental diets without or with LPC (0.25% dry matter)
were used in the feeding trial (see Supplementary Table S1 for formu-
lation and proximate composition of experimental diets). The LPC
product was supplied by Weifang Kenon Biological Technology Co., Ltd.
(Weifang, China). The phosphatidylcholine purity of this soy-derived
product was 98%, and the available LPC concentration was 5%. The
diets were made, packed and stored following the standard procedures
in our laboratory. During the preparation of the experimental diets, the
LPC was thoroughly mixed into the feeding ingredients with the method
of 1:1 gradual dilution (1 LPC: 1 feed ingredient). The fatty acid profiles
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of the experimental diets are presented in Supplementary Table S2.

The feeding trial, with juvenile turbots of an average initial body
weight of appr. 8 g, was conducted in Huanghai Aquaculture Co. Ltd.
(Haiyang, China). Flow-through deep-well seawater was used in the 56-
day feeding trial period. Each diet was randomly assigned to triplicate
polyethylene tanks (200 L, 42 x 72 x 72 cm). Each tank was stocked
with 30 fish. The experimental fish were hand-fed to apparent satiation
two times each day (7:30 and 17:30). During the feeding trial, the water
temperature ranged from 16.2 to 16.6 °C; salinity, 27 ~ 29; pH, 7.4 ~
7.9; and dissolved oxygen, 7.5 ~ 8.1 mg L',

At the end of the feeding trial, the average final weight of experi-
mental fish in the control and LPC group was 34.65 g and 38.63 g,
respectively. After anesthetized with eugenol (1:10,000), the muscle
samples from 6 fish each tank were collected, with samples from 3 fish
pooled as one sample. Finally, 2 pooled muscle samples in each tank
were used for the lipidomic analysis (6 biological replicates each group).
In the lipidomic analysis, the 6 biological replicates for the control group
were labeled as rM1-3, rM1-6, rM2-3, rM2-8, rM3-6, and rM3-8, while
those for the LPC group were labeled as rM4-2, rM4-3, rM5-3, rM5-6,
rM6-3, and rM6-6. An accident happened when sample rM5-3 was
processed, and thus this sample was eliminated in the final lipidomic
analysis. All sampling protocols, as well as fish rearing practices, were
reviewed and approved by the Animal Care and Use Committee of the
Yellow Sea Fisheries Research Institute.

2.2. Quantitative analysis of muscle lipidomics

Lipid were extracted from approximately 20 mg tissues according to
Lam et al. (2016) with modifications. Briefly, tissue samples were ho-
mogenized in 900 uL of chloroform:methanol 1:2 (v/v) with 10 %
deionized water on a bead ruptor (OMNI, USA). The homogenate was
then incubated at 1500 rpm for 1 h at 4 °C. At the end of the incubation,
350 pL of deionized water and 250 pL of chloroform were added to
induce phase separation. The samples were then centrifuged and the
lower organic phase containing lipids was extracted into a clean tube.
Lipid extraction was repeated once by adding 500 pL chloroform to the
remaining tissues in aqueous phase, and the lipid extracts were pooled
into a single tube and dried in the SpeedVac under organic mode.
Samples were stored at —80 °C until further analysis.

The targeted lipidomic analysis was conducted in collaboration with
LipidALL Technologies Company Limited (Changzhou, Jiangsu Prov-
ince, China). The analysis used an extensive, targeted library tailored for
animal tissue and cells that confers sufficient lipid coverage to render
global lipid pathway analysis. All quantification experiments were
conducted using internal standard calibration. Briefly, polar lipids were
analyzed using an Agilent 1290 UPLC system coupled with a triple
quadrupole/ion trap mass spectrometer (6500 Plus Qtrap; SCIEX) as
described previously (Song et al., 2020; Lam et al., 2021). Separation of
individual lipid classes of polar lipids by normal phase (NP)-HPLC was
carried out using a Phenomenex Luna 3 um-silica column (internal
diameter 150 x 2.0 mm) under the following conditions: mobile phase A
(chloroform:methanol:ammonium hydroxide = 89.5:10:0.5) and mobile
phase B (chloroform:methanol:ammonium hydroxide:water =
55:39:0.5:5.5). MRM transitions were set up for comparative analysis of
various polar lipids.

Individual lipid species were quantified by referencing to spiked
internal standards of the same lipid class including do-PC32:0(16:0/
16:0), dy-PE33:1(15:0/18:1), d3;-PS, d;-PA33:1(15:0/18:1), d7-PG33:1
(15:0/18:1), d7-P133:1(15:0/18:1), Cer d18:1/15:0-d7, do-SM d18:1/
18:1, and Cg-GluCer, which were obtained from Avanti Polar Lipids
(Alabaster, Alabama, USA). Glycerol lipids including diacylglycerols
(DAG) and triacylglycerols (TAG) were quantified using a modified
method of reverse phase HPLC/MRM. Separation of neutral lipids were
achieved on a Phenomenex Kinetex-C18 2.6 um column (i.d. 4.6 x 100
mm) using an isocratic mobile phase containing chloroform:meth-
anol:0.1 M ammonium acetate 100:100:4 (v/v/v) at a flow rate of 170
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Fig. 1. Heatmap of lipid class. The average concentration of a lipid metabolite was standardized to be 0. Higher concentration than the average was labeled as
orange, and lower concentration was labeled as purple. The color value as indicated in the right color bar means fold of standard deviation distant to the average
concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

uL for 17 min. Levels of short-, medium-, and long-chain TAGs were
calculated by referencing to spiked internal standards of TAG(14:0)3-ds,
TAG(16:0)3-ds and TAG(18:0)3-ds, respectively, obtained from CDN
isotopes (Pointe-Claire, Quebec, Canada). DAGs were quantified using
ds-DAG17:0/17:0 and ds-DAG18:1/18:1 as internal standards (Avanti
Polar Lipids). Free cholesterols and cholesteryl esters were analysed as
described previously with de-cholesterol and de-C18:0 cholesteryl ester
(CE) (CDN isotopes) as internal standards (Shui et al., 2011). Free fatty
acids were quantitated using d3;-16:0 (Sigma-Aldrich) and dg-20:4
(Cayman Chemicals) as internal standards, while d3-16:0-acylcarnitine
(Cayman Chemicals) were used for quantitation of acyl-carnitines.

Lipid levels were expressed in pmol/g muscle sample. However, in
the results presentation below, most of the result were expressed as
relative concentration between the LPC group and the control group
(Foldrpc/control)- Mann-Whitney-U test was used in the non-parametric
test of difference between the LPC group and the control group. The
difference was considered as significant when P < 0.05.

2.3. Analysis of proximate composition and fatty acid composition in the
muscle

The proximate composition analysis of fish muscle was performed
according to the standard methods of Association of Official Analytical
Chemists (AOAC) (2000). Samples were oven-dried at 105 °C to a con-
stant weight for moisture analysis. Crude protein was assayed by
measuring nitrogen (N x 6.25) using the Kjeldahl method. However, the

lipid concentration in the muscle was analyzed with the chlor-
oform-methanol method. The fatty acid composition in the muscle was
analyzed with gas chromatograph (GC-2010 Pro, Shimadzu, Japan).
Samples were firstly freeze-dried, and fatty acids in the samples were
esterified with KOH-methanol (1 mol/L) and with HCL-methanol (2
mol/L), on 72 °C water bath. Fatty acid methyl esters were extracted
with hexane and then separated via gas chromatography equipped with
a fused silica capillary column (SHRT-2560, 100 m x 0.25 mm x 0.20
pm, Shimadzu, Japan). The column temperature was programmed to
rise from 150 °C up to 200 °C at a rate of 15 °C min™}, and then from
200 °C to 250 °C at a rate of 2 °C min~'. Both the injector and detector
temperatures were 250 °C. Results were expressed as the percentage of
each fatty acid with respect to total fatty acids (TFA).

The data were arcsine transformed firstly, and then subjected to one-
way analysis of variance (ANOVA) in SPSS 16.0 for Windows. Levene
test was performed to test the homogeneity of variance. Significant
differences between the means were detected by Tukey’s multiple range
test. The level of significance was chosen at P < 0.05. The results were
presented as means =+ standard errors of means (SEM).

3. Results and discussion

After management of the raw data, a total of 615 lipids were suc-
cessfully identified and subsequently quantified (Supplementary
Fig. S1). The biggest lipid class quantified was TAG (208 individual
lipids), followed by CL (62 individual lipids), while there were 10-30
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Fig. 2. Heatmap of identified diacylglycerols (DAG). The average concentration of a lipid metabolite was standardized to be 0. Higher concentration than the
average was labeled as orange, and lower concentration was labeled as purple. The color value as indicated in the right color bar means fold of standard deviation
distant to the average concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Heatmap of identified free fatty acids (FFA). The average concentration of a lipid metabolite was standardized to be 0. Higher concentration than the average
was labeled as orange, and lower concentration was labeled as purple. The color value as indicated in the right color bar means fold of standard deviation distant to
the average concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

individual lipids quantified in most other lipid classes. However, only 1 and S3). However, there was a small distance between samples rM4-3
individual lipid was quantified for S1P, Sph, and Cho. The Principal and rM6-3 of the LPC group and sample rM2-8 of the control group.
Component Analysis (PCA) showed that the samples of the LPC group In total, 62 individual lipids showed significant difference in con-

and control group generally clustered separately (Supplementary Fig. S2 centration between the LPC group and the control group (58 up-
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Table 2

Fatty acid composition in the muscle (% total fatty acid).
Fatty acid Control LPC
C14:0 2.06 £ 0.17 1.99 + 0.05
C16:0 18.2 + 0.60 18.3 £ 0.29
Cl16:1n-7 2.16 £ 0.16 2.06 £+ 0.06
C18:0 6.09 £+ 0.06 5.77 £ 0.08
C18:1n-9t 0.19 £+ 0.03 0.22 £+ 0.02
C18:1n-9¢ 18.4 +£0.38 17.7 £ 0.32
C18:2n-6t 0.13 +£ 0.01 0.14 + 0.01
C18:2n-6¢ 25.6 £ 0.99 25.2 £ 0.39
C20:0 0.29 + 0.02 0.26 + 0.01
C18:3n-6 0.10 £+ 0.05 0.17 + 0.00
C20:1n-9 1.51 £+ 0.03* 1.42 + 0.02"
C18:3n-3 2.14 £0.17 2.09 £+ 0.07
C20:2n-6 1.22 £ 0.05 1.16 £ 0.02
C22:0 0.12 £+ 0.00 0.09 + 0.00
C22:1n-9 0.26 + 0.02% 0.21 + 0.02°
C20:3n-3 0.22 + 0.01 0.23 + 0.00
C20:4n-6 1.19 £ 0.08 1.23 £ 0.03
C22:2n-6 0.08 £ 0.01 0.07 +£ 0.01
C20:5n-3 4.25 +0.17 4.35+0.13
C24:1n-9 0.17 £ 0.01* 0.13 + 0.00°
C22:6n-3 15.2 + 0.81 16.5 + 0.68

Data in the same row not sharing a same superscript letter were significantly
different (P < 0.05).

regulated and 7 down-regulated by LPC) (Table 1, Fig. 1). Most of these
lipids were distributed in DAG, FFA, CL, acylcarnitine, and PA (Fig. 1).
When the total concentration of a specific lipid class was evaluated
between the two experimental groups, the concentration of DAG (P =
0.0043, Fold;pc/control = 1.56), FFA (P = 0.0043, Foldipc/control = 1.52)
and PA (P = 0.0303, Fold; pc/control = 1.29) was significantly increased in
the LPC group compared to the control group (Supplementary Table S3).

Among all the lipid classes, the DAG was the most significantly
affected by dietary LPC (Fig. 2). Moreover, this effect targeted non-
specifically at many DAG, rather than a specific DAG. To our knowl-
edge, few studies have reported the direct relationship between LPC and
DAG, especially in fish. Indirectly, in sperm cells, both a PI-specific and a
PC-specific phospholipase C are involved in the generation of a variety
of DAG molecular species (Roldan and Shi, 2007). In the present study,
dietary LPC up-regulated the PA abundance (Supplementary Fig. S4),
and this may stimulate the production of DAG. Increased levels of PA in
response to dietary LPC in this study could be further converted to DAG
by phosphatidic acid phosphatase (Nanjundan and Possmayer, 2003). In
rat cerebral cortex synaptosomes and fibroblasts, PA metabolization was
found to generate DAG (Kam and Exton, 2004; Pasquare et al., 2009).
Studies with bovine rod outer segments and cerebellar cells suggested
that LPA, S1P, and ceramide 1-phosphate (C1P), as analogs, affected the
generation of DAG from PA by lipid phosphate phosphatases (renamed
phosphatidic acid phosphatase) (Nanjundan and Possmayer, 2003;
Pasquare et al., 2008). Studies with rat liver cell nuclei also suggested
that the presence of LPA significantly regulated DAG production (Gav-
eglio et al., 2013), and PPARy could be involved in this regulating
process (Stapleton et al., 2011).

The concentrations of total FFA and the individual FFA such as
FFA22:5, FFA22:4, FFA20:5, FFA20:4, FFA18:4, FFA18:3, FFA18:2,
FFA18:1, and FFA17:1 were all significantly increased by dietary LPC
supplementation (Fig. 3). The production of FFA in cells was always
concurrent with phospholipid hydrolysis, which was mediated by
phospholipases, and generated LPL (Peréz-Chacon et al., 2009). How-
ever, in this study the LPL was exogenous and supplied by diet. No ev-
idence has been reported for the direct stimulation of FFA production by
exogenous LPC. In contrast, as a product of phospholipid hydrolysis, LPC
is supposed to inhibit this process. Therefore, the FFA could not be
directly regulated by dietary LPC. In addition, the total fatty acid profile
was not changed by dietary LPC (Table 2), evidencing that LPC could not
directly regulate the overall fatty acid metabolism. In addition, studies
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have shown the accumulation of DAG and ceramides in response to FFA
(Fayyaz et al., 2014). This may, at least partly, contributed to the in-
crease of DAG levels by dietary LPC. For fillet quality, especially fillet
stability during storage, the FFA concentration is often used as an in-
dicator for oxidation status. This should not be neglected when the ef-
fects of LPC on fish fillet quality are concerned.

Several cardiolipins (CL) had significantly different abundance be-
tween the two experimental groups (Fig. 4), although the total CL con-
centration was not significantly different between the two groups (P =
0.3290, Foldrpc/control = 0.9581). As a key phospholipid of the mito-
chondria, CL is an anionic phospholipid mainly located in the inner
mitochondrial membrane, where it helps regulate bioenergetics, mem-
brane structure, and apoptosis (Scherer & Schmitz, 2010; Pennington
et al., 2019). PA and PG are precursors of the biosynthesis of CL
(Houtkooper & Vaz, 2008). PA and LPG can be formed to PG and then
further converted to CL. In other ways, acyl groups can be exchanged
between multiple phospholipid species, including LPL and CL (Malhotra
etal., 2009; Moncada et al., 2017). The remodeling of the mitochondrial
CL requires a phospholipid-lysophospholipid transacylase, tafazzin. The
transacylation reaction alters the molecular species composition and, as
a result, the physical properties of lipids. In vivo, the most important
substrate of tafazzin is the mitochondria-specific lipid cardiolipin
(Schlame & Xu, 2020), and remodeled CL contains predominantly un-
saturated fatty acids (Ye et al., 2016). The transacylations mediated by
tafazzin showed the highest rate for the phosphatidylcholine-cardiolipin
transacylation. Transacylation activities were about 10-fold higher for
linoleoyl groups than for oleoyl groups, and they were negligible for
arachidonoyl groups (Xu et al., 2006). In the present study, significant
inter-group difference was observed in CL70:7(16:1), CL70:6(16:1),
CL68:6(16:1), CL70:8(16:1), CL70:5(16:1), CL72:9(16:1), CL70:6(18:2),
CL76:9(18:2), CL72:9(18:2), CL78:11(18:2), CL78:12(18:2), CL78:12
(20:3), CL78:11(20:3), CL76:10(20:3), and CL78:13(20:3) (Table 1,
Fig. 4), but was indeed not observed in CL with oleoyl or arachidonoyl
groups. Other studies suggested that tafazzin itself lacks acyl specificity,
but the acyl specificity is driven by the packing properties of certain lipid
domains (Schlame et al., 2012). Nevertheless, it has to be noted that all
these findings mentioned above were from mammalian studies. Rele-
vant studies on fish are warranted.

As expected, the LPC concentration in the muscle was significantly
affected by dietary LPC (Supplementary Fig. S5). However, although the
LPC product used in the present study was soy-derived, which meant
that it lacks long chain-polyunsaturated fatty acids (LC-PUFA), con-
centrations of LPC20:5, LPC22:6, and LPC22:5 were still increased by
dietary LPC supplementation. This indicates the possible wide existence
of transacylation reaction between PL and LPL. Concentration of certain
PL was also significantly regulated by dietary LPC. The esterification of
LPL mediated by acyl-CoA-dependent lysophospholipid acyltransferase
contributes to PL synthesis and remodeling (Renauer et al., 2015).

Besides, concentration of several acylcarnitines in the muscle were
significantly up-regulated by dietary LPC (Supplementary Fig. S6).
Acylcarnitines transport fatty acids into mitochondria and are essential
for B-oxidation and energy metabolism (Jarrell et al., 2020). Although
the crude lipid content in the muscle was only slightly decreased by the
dietary LPC in the present study (Supplementary Table S4), other recent
fish studies with species, such as channel catfish (Liu et al., 2020) and
rainbow trout (Taghavizadeh et al., 2020; Adhami et al., 2021), showed
that dietary LPL supplementation reduced the cholesterol and lipid
contents in whole body and liver. Up-regulation of acylcarnitines may
contribute to the lipid-reducing effects of dietary LPC on farmed fish.

In conclusion, dietary LPC supplementation significantly regulated
the lipid profile in farmed turbot muscle. Most of these differentially
abundant lipids were DAG, FFA and CL, and they all were up-regulated
by dietary LPC. Concentrations of certain lipid species in PA, LPC and
acylcarnitine were also significantly regulated by dietary LPC. However,
only marginal effects of dietary LPC supplementation was observed in
total fatty acid composition and lipid content of muscle. The full change
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scenario of fish muscle lipid profile in response to dietary LPC supple-
mentation, as well as the involved mechanisms, remain not well-known.
Further research in this area will be beneficial to better management of
LPC supplementation in fish feeds.
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