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A 56-day feeding trial was conducted in a flow-through seawater system to investigate the effects of lysophosphatidylcholine
(LPC) on growth performance and lipid metabolism of turbot. Four experimental diets were prepared, differing only in the
LPC supplementation, namely, 0 (LPC-0, control), 0.1 (LPC-0.1), 0.25 (LPC-0.25), and 0.5% (LPC-0.5) of dry matter. Each diet
was randomly fed to triplicate tanks. LPC-0.1 and LPC-0.25 led to significantly higher weight gain than the control diet, and
the highest weight gain was observed in LPC-0.1. Compared to the control group, the LPC-supplemented groups had higher
survival and lower hepatosomatic index and viscerosomatic index. LPC-0.25 led to significantly lower contents of crude lipid
and ash in whole fish. Dietary LPC supplementation led to a basic decrease in the lipid metabolism-related biochemical
parameters in serum but had only very minor influence on the fatty acid composition in the liver and subcutaneous tissue
around the fin (STF). High LPC levels upregulated the mRNA expression of BSAL and ApoEα in both the liver and STF. In
conclusion, dietary LPC supplementation (0.1-0.25%) enhanced the growth, lowered the lipid accumulation in juvenile turbot,
and significantly regulated the lipid metabolism. However, it seldom influenced the fatty acid composition.

1. Introduction

Emulsifier-like feed additives have been widely used in ter-
restrial animals [1–6]. In recent years, they are also being
more and more frequently used in farmed fish, typically bile
acids [7, 8]. The positive effects of bile acids on growth and
lipid metabolism of farmed fish have been reported in a
number of studies [9–17], including a recent study of ours
with a marine teleost, tiger puffer (Takifugu rubripes) [18].
However, another effective emulsifier, lysophospholipid
(mostly lysolecithin), which has been demonstrated to have
high efficiency in enhancing dietary lipid utilization in ter-
restrial animals [19–25], has not been well investigated in
farmed fish. Relevant information was available only in
small number of fish species such as rainbow trout (Onco-

rhynchus mykiss) [26, 27], channel catfish (Ictalurus puncta-
tus) [28], and hybrid tilapia (Oreochromis aureus ♂ ×
Oreochromis niloticus ♀) [29]. Even in these limited studies,
controversial results, mainly related to whether lysophos-
pholipid is effective or related to the effective lysophospho-
lipid dose, were observed. Therefore, more studies are
needed to comprehensively evaluate the efficacy of lysophos-
pholipid in fish diets.

Turbot is a worldwide important aquaculture fish spe-
cies, which has a low lipid content in the muscle but a rela-
tively high lipid content in the subcutaneous tissue around
the fin [30, 31]. The lipid requirement in this fish species is
relatively low (around 10%) [32–35], lower than other
marine carnivorous species such as rockfish (Sebastes schle-
geli) [36], tongue sole (Cynoglossus semilaevis) [37], and
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golden pompano (Trachinotus ovatus) [38]. However, use of
high-lipid diets is being more and more popular in fish
farming practice, in consideration of both the protein-
sparing effects of dietary lipid and the pursuit of lipid-
derived weight gain [39–42]. The use of high-lipid diets
and the consequent high lipid accumulation in fish body
due to inefficient utilization of excess dietary lipid could
have great negative impact on the health status of farmed
fish [43, 44]. Attempts, mostly dietary supplementation of
bioactive ingredients which can help fish better utilize die-
tary lipid, such as carnitine, taurine, and bile acid, have been
taken to overcome this negative impact [45–49]. In a recent
study of ours with another marine carnivorous species, tiger
puffer, dietary supplementation of bile acid has been demon-
strated to be able to regulate the hepatic lipid homeostasis
when fish were fed high-lipid diets [18]. In the present study,
we aimed to comprehensively evaluate the effects of dietary
lysophosphatidylcholine on growth performance, lipid accu-
mulation, and fatty acid composition of juvenile turbot fed
high-lipid diets, as well as to evaluate the regulation of lipid
metabolism by dietary lysophosphatidylcholine at the tran-
scription level. Results of this study could be beneficial to
the application of lysophospholipids in fish feeds.

2. Materials and Methods

2.1. Experimental Diets. The basal diet used fishmeal, soy
protein concentrate, and wheat meal as main protein sources
and fish oil and soybean oil as the main lipid sources
(Table 1). The control diet contained appr. 44% protein
and 15% lipid. This lipid level was higher than the optimum
lipid level in diets for turbot (around 10%, [34]) and thus
was considered a high lipid level. Graded levels of lysophos-
phatidylcholine (LPC), namely, 0.10%, 0.25%, and 0.5%,
were added into the control diet to obtain three experimen-
tal diets. The LPC product was supplied by Weifang Kenon
Biological Technology Co., Ltd. (Weifang, China). The phos-
phatidylcholine purity of this soy-derived product was 98%,
and the available LPC concentration was 5%. The four diets
were designated as LPC-0 (control), LPC-0.1, LPC-0.25, and
LPC-0.5, respectively. The diets were made, packed, and
stored following the standard procedures in our laboratory
[50]. Briefly, a customized single-screw pelleting machine
was used to produce pellets of 3:0 × 3:0mm. The experimen-
tal diets were then oven-dried to have a moisture content of
around 7%. Before use, the experimental diets were stored at
-20°C. The fatty acid profiles of the experimental diets are
presented in Table 2.

2.2. Experimental Fish, Feeding Procedure, and Sampling.
Juvenile turbots used in the present study were purchased
from Huanghai Aquaculture Co. Ltd. (Haiyang, China)
and had an average initial body weight of appr. 8 g. Prior
to the feeding trial, experimental fish were reared in cylindri-
cal polyethylene tanks (height, 100 cm; diameter, 230 cm;
210 fish in each tank) and fed a commercial diet for 7 days
to acclimate to the experimental conditions. Flow-through
deep-well seawater was used in the acclimating period and
the whole feeding trial period. At the onset of the feeding

trial, experimental fish were distributed into 12 polyethylene
tanks (200L, 42 × 72 × 72 cm), each of which was stocked
with 30 fish. Each diet was randomly assigned to triplicate
tanks. The experimental turbots were hand-fed to apparent
satiation two times each day (7:30 and 17:30). The feeding
trial lasted for 56 days. Fish were reared under the natural
photoperiod and ambient temperature of Haiyang (Shan-
dong province, China). 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, 7.5~8.1mgL-1. The tanks
were cleaned daily by siphoning out residual feed and feces.
Dead fish were taken out when found, and the number and
weight of dead fish were recorded every day.

At the end of the feeding trial, after being anesthetized
with eugenol (1 : 10,000), fish in each tank was bulk weighed,
and the number of fish was recorded. After that, 2 randomly
selected whole fish were collected from each tank for the
analysis of proximate composition. Six more fish per tank
were dissected to collect the samples of serum, liver, muscle,
and subcutaneous tissue around the fin (STF) for other
assays. About 2mL blood was collected from each fish.
Blood samples were collected from the caudal vein and
allowed to clot firstly at room temperature for 2 h and then
at 4°C for 6 h. After that, centrifugation (836 × g, 10min,

Table 1: Formulation and proximate composition of the
experimental diets (% dry matter).

Ingredient
LPC-
0

LPC-
0.1

LPC-
0.25

LPC-
0.5

Fish meal 40 40 40 40

Soy protein concentrate 10 10 10 10

Soybean meal 8 8 8 8

Wheat meal 21.68 21.68 21.68 21.68

Brewer’s yeast 5 5 5 5

Mineral premixa 0.5 0.5 0.5 0.5

Vitamin premixa 1 1 1 1

Monocalcium phosphate 1 1 1 1

L-Ascorbyl-2-
polyphosphate

0.2 0.2 0.2 0.2

Choline chloride 0.2 0.2 0.2 0.2

Betaine 0.3 0.3 0.3 0.3

Ethoxyquin 0.02 0.02 0.02 0.02

Calcium propionic acid 0.05 0.05 0.05 0.05

Fumaric acid 0.05 0.05 0.05 0.05

Fish oil 5.5 5.5 5.5 5.5

Soybean oil 5.5 5.5 5.5 5.5

Soya lecithin 1 0.9 0.75 0.5

Lysophosphatidylcholine 0 0.1 0.25 0.5

Proximate composition

Moisture 6.40 6.67 6.68 6.80

Crude protein 44.13 44.01 44.02 43.72

Crude lipid 14.86 15.86 15.31 16.34

Ash 8.05 8.01 8.00 8.08
aVitamin premix and mineral premix, designed for marine fish, were
purchased from Qingdao Master Biotech Co., Ltd, Qingdao, China.
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4°C) was conducted and the straw-colored supernatants
were collected as serum samples. All the sampling proce-
dures were handled on an ice plate, and all tissue samples
collected were frozen immediately with liquid nitrogen and
then transferred to -86°C. All sampling protocols, as well
as fish rearing practices, were reviewed and approved by
the Animal Care and Use Committee of the Yellow Sea Fish-
eries Research Institute.

2.3. Analysis of Proximate Composition, Fatty Acids, and
Biochemical Parameters of Serum. The proximate composi-
tion analysis of experimental diets and whole fish (two fish
per tank) was performed according to the standard methods
of AOAC. Samples were oven-dried at 105°C to a constant
weight for moisture analysis. The whole fish were cut into
small pieces before being dried. The dry diets and fish sam-
ples were thoroughly ground and subsequently used for the
analysis of crude protein, crude lipid, and ash. Crude protein
was assayed by measuring nitrogen (N × 6:25) using the
Kjeldahl method, crude lipid by ether extraction using Soxh-
let method, and ash by combustion at 550°C.

The fatty acid composition was analyzed with gas chro-
matograph (GC-2010 Pro, Shimadzu, Japan). Fatty acids in
freeze-dried samples (two replicates for each diet; a pooled

sample of three individual fish per tank) were esterified first
with KOH-methanol and then with HCL-methanol, on 72°C
water bath. Fatty acid methyl esters were extracted with hex-
ane and then separated via gas chromatography with a fused
silica capillary column (SHRT-2560, 100m × 0:25mm ×
0:20μm, Shimadzu, Japan). The column temperature was
programmed to rise from 150°C up to 200°C at a rate of
15°Cmin−1 and then from 200°C to 250°C at a rate of
2°Cmin−1. 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 biochemical parameters in serum, namely, triacyl-
glycerol (TG), total bile acid (TBA), total cholesterol (TC),
high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), and malondialdehyde
(MDA), were analyzed using commercial kits (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China) according
to the manufacturer’s instructions. Three serum samples
from individual fish per tank were used in relevant analysis.

2.4. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Analysis. Total RNA in the liver and STF sam-
ples was extracted using RNAiso Plus (TaKaRa (Dalian),
Dalian, China) and reverse transcribed with PrimeScript™
RT reagent Kit with gDNA Eraser (TaKaRa) according to
the user’s manual. Specific primers for the reference genes
(EF1α and β-actin) and target genes were designed based
on the sequences in the GenBank and prepared by TsingKe
Biological Technology Co., Ltd. (Qingdao, China)
(Table 3). The amplification efficiency for all primers, which
was estimated by standard curves based on a 6-step 4-fold
dilution series of target template, was within 95~105%, and
the coefficients of linear regression (R2) were >0.99. SYBR®
Premix Ex Taq™ (TaKaRa Biotechnology (Dalian) Co.,
Ltd., Dalian, China) was used for the real-time qPCR with
a quantitative thermal cycler (Roche LightCycler 96, Basel,
Switzerland). The reaction system consists of 2μL cDNA
template, 10μL SYBR® Premix Ex Taq™ (2×), 0.8μL for-
ward primer (10μM), 0.8μL reverse primer (10μM), and
6.4μL sterilized water. The program was as follows: 95°C
for 5min followed by 40 cycles of “95 °C for 5 s, 55 °C for
20 s, 72 °C for 10 s.” Melting curve analysis (1.85°C incre-
ment/min from 58°C to 95°C) was performed after the
amplification phase for validation of the sole product. Each
sample was run in triplicate. The mRNA expression levels
were calculated with the qRT-PCR method: 2−ΔΔCt [51].

2.5. Calculation and Statistical Methods. Calculations used in
this study include the following: viscerosomatic indexVSI ð
%Þ = wet viscera weight/fish body weight × 100;
hepatosomatic indexHSI ð%Þ = wet liver weight/fish body
weight × 100; condition factor = body weight/ðbody length3Þ
× 100; feed conversion ratio = diet consumed/weight gain;
feed intake = feed consumed/ððinitial average body weight +
final average body weightÞ/2Þ/fish number/duration ∗ 100.

All percentage data were arcsine transformed prior to
analysis. All data were subjected to one-way analysis of var-
iance (ANOVA) in SPSS 16.0 for Windows. The Levene test
was performed to test the homogeneity of variance.

Table 2: Fatty acid composition of experimental oils and diets (%
total fatty acid).

Fatty acid LPC-0 LPC-0.1 LPC-0.25 LPC-0.5

C14:0 3.56 3.69 3.53 3.66

C16:0 22.94 23.13 23.3 23.23

C18:0 6.06 6.05 6.22 6.05

C20:0 0.52 0.5 0.52 0.49

C22:0 0.36 0.34 0.34 0.31

∑SFA 33.43 33.82 33.88 34.24

C16:1 3.18 3.24 3.15 3.22

C18:1n-9t 0.13 0.15 0.14 0.15

C18:1n-9c 2.94 2.98 2.96 2.96

C20:1n-9 1.65 1.65 1.67 1.64

C22:1n-9 0.11 0.12 0.12 0.12

C24:1n-9 0.18 0.06 0.07 0.1

∑MUFA 8.19 8.20 8.11 8.19

C18:2n-6t 0.04 0.03 0.05 0.04

C18:2n-6c 36.95 37.07 37.28 37.11

C18:3n-6 0.22 0.28 0.27 0.22

C20:2n-6 0.25 0.28 0.31 0.33

C20:4n-6 0.84 0.84 0.89 0.83

∑n-6PUFA 38.30 38.50 38.8 38.53

C18:3n-3 3.96 4.01 4.00 3.96

C20:5n-3 4.76 4.78 4.86 4.76

C22:6n-3 9.8 9.69 9.99 9.75

∑n-3PUFA 18.52 18.48 18.85 18.47

∑n-3/∑n-6 0.48 0.48 0.49 0.48

SFA: saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA:
polyunsaturated fatty acid; t: trans-form; c: cis-form.
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Table 3: Primers used in this work.

Primer Sequence (5′-3′) GenBank reference

ACACβ-F AATGCCGTTCCTATTCGTC XM_035639393

ACACβ-R GAGCCTGTCTGAACATCTCG

FAS-F GGCAACAACACGGATGGATAC KC189927.1

FAS-R CTCGCTTTGATTGACAGAACAC

ACOX1-F TCCGCTACAGTGTCGTTC XM_035638508

ACOX1-R AGTCTCCCTGGCTGATGT

CPT1-F GCCTTTCAGTTCACCATCACA XM_035614266.1

CPT1-R ATGCGGCTGACTCGTTTCTT

DGAT1-F AGAGCCAAGACAGAAGACG XM_035619975

DGAT1-R CATTACTCAGCACCAGCAT

ATGL-F CGAAAGAGGCAAGAAAGC XM_035643755

ATGL-R CGTAGTGAGATACCAGGACGT

HSL-F GCGTGCCCTGCTCTACTTG XM_035629599

HSL-R TCTCGCTGAGGCCACTTTC

DAGLα-F TCTGGAATGCCTGTAACTC XM_035628256

DAGLα-R CTCCTCTACTGTCACGGACT

LPL-F CTCCCACGAACGCTCTAT KC189937.1

LPL-R GCGGACCTTGTTGATGTT

HL-F GGGCTACGACATCAAGAAG XM_035629475

HL-R TGAAGGAGATATGGAGGTTT

BSAL like-F CGCCGTCCTGACATTAGC XM_035609042

BSAL like-R AGCCTTGCCCTTCTCCCT

HMGCR-F CCACGAGCAATGTTGTCCC XM_035640341.1

HMGCR-R TTAGGCATCGCTGGTCTTTT

CYP7A1-F TCAAATAGCCAGCGGCAAAC XM_035635553.1

CYP7A1-R CCATGACAGCTTCGACCCTC

ApoA1 like-F CAGCCTGGAGCAGAGTGT XM_035637559

ApoA1 like-R CCATTTGTTTCACCGAGTT

ApoA4α-F AGGATGCTTTCTGGGACTATGT XM_035620874

ApoA4α-R GAGGCTGTTCACTTCCTTTCC

ApoB100-F TCTCACCCTCGGTCTCGG XM_035617338.1

ApoB100-R TTCAGGTTTCTCCTCACAACGA

ApoEα-F GGCAGCAGATGGAGAAGT XM_035620876

ApoEα-R TTCAGCAGGTCGTTCAGG

SREBP1-F CGATCCGCACTCCAAGT XM_035615397.1

SREBP1-R CCGCACTGCCCTGAAT

PPARα1-F CTACTCAAGCCTGGACCTCAACGA JX975469.1

PPARα1-R TCACTGAAGGGACGCCGCA

PPARα2-F CCCTGATAACACCTTCCTCTTTCCC JX975470.1

PPARα2-R TGTCTCGGTCGTCTTGATGTCCTG

PPARβ-F ACGGCAAAGGCTTCGTTACC XM_035643796.1

PPARβ-R CTAATGGCAGCAACAAACAGG

PPARγ-F AAGTGACGGAGTTCGCCAAGA XM_035631101.1

PPARγ-R GTTCATCAGAGGTGCCATCA

LXRα-F GCGTCATCAAGAGTGCCC XM_035627821.1

LXRα-R ATCTGATTTGCTCCTCCGAG

HNF4α-F1 ATGCTTCTCGGAGGTTCTG XM_035646017.1

HNF4α-R1 GAGGGATTGAGGTTGGCTG
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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 themean (SEM).

3. Results

3.1. Growth Performance, Somatic Index, and Proximate
Composition. The survival in the LPC-supplemented groups
(>93%) was higher than that in the control group (67.78%)
(Table 4). The weight gain in groups LPC-0.1 and LPC-
0.25 was significantly (P < 0:05) higher compared to the
control group, with the highest value observed in group
LPC-0.1 and an intermediate value observed in group
LPC-0.5. Groups LPC-0.1 and LPC-0.25 had much lower
HSI and VSI than the control group. The VSI in LPC-0.1
was only nearly half that of the control group. No significant
difference was observed in feed intake among dietary groups.

The crude lipid content in LPC-0.25 was significantly
(P < 0:05) lower compared to other groups (Table 5). The ash
content in LPC-0.25 was significantly (P < 0:05) lower than that
in the control group. No significant difference was observed in
moisture and crude protein contents among dietary groups.

3.2. Lipid Metabolism-Related Biochemical Parameters in the
Serum. The TG concentration in LPC-0.25 was significantly
(P < 0:05) lower compared to the control group (Table 6).
The lowest TBA concentration was observed in LPC-0.1,
and the concentration in LPC-0.1 and LPC-0.25 was signifi-
cantly (P < 0:05) lower compared to the control group. The
TG concentration in LPC-0.1 and LPC-0.5 was significantly
(P < 0:05) lower compared to the control group. The HDL-C
concentration in LPC-supplemented groups was signifi-

cantly (P < 0:05) lower than that in the control group, but
group LPC-0.25 had significantly (P < 0:05) higher LDL-C
concentration than the control group. No significant differ-
ence was observed in MDA content.

3.3. Fatty Acid Composition in the Liver and Subcutaneous
Tissue around the Fin (STF). Generally, dietary LPC only
had a slight effect on the fatty acid composition. In the liver,
LPC-0.1 led to significantly (P < 0:05) lower C16:0 content
but significantly (P < 0:05) higher C20:1n-9 content
(Table 7). The liver C22:1n-9 content in groups LPC-0.1
and LPC-0.25 was significantly (P < 0:05) higher compared
to the control group and group LPC-0.5.

In the STF, LPC-0.1 had significantly (P < 0:05) higher
contents of C22:0 and C24:1n-9 than the control group
(Table 8).

3.4. Lipid Metabolism-Related Gene Expression in the Liver
and Subcutaneous Tissue around the Fin (STF). In the liver,
compared to the control group, LPC-0.5 significantly
(P < 0:05) downregulated the mRNA expression of FAS,
DAGLα, and CYP7A1 (Figure 1). Compared to the control
group and group LPC-0.1, groups LPC-0.25 and LPC-0.5
significantly (P < 0:05) downregulated the transcription of
HMGCR but significantly (P < 0:05) upregulated that of
BSAL-like. The LPC-supplemented groups showed signifi-
cantly (P < 0:05) lower CPT1 transcription than the control
group. Group LPC-0.1 had higher gene expression of ApoA1
than other groups. Group LPC-0.5 had much higher gene
expression of ApoA4α and ApoEα than the other groups.
No significant difference was observed in expression of other
lipid metabolism-related genes among the dietary groups
(Table 9).

Table 3: Continued.

Primer Sequence (5′-3′) GenBank reference

β-Actin-F GTAGGTGATGAAGCCCAGAGCA MT023044.1

β-Actin-R CTGGGTCATCTTCTCCCTGT

EF1α-F TATTAACATCGTGGTCATTGG KU057926.1

EF1α-R CAGGCGTACTTGAAGGAG

Table 4: Growth performance and somatic parameters of experimental turbot (mean ± standard error).

Parameter LPC-0 LPC-0.1 LPC-0.25 LPC-0.5

Initial body weight (g) 8:02 ± 0:02 7:97 ± 0:01 7:99 ± 0:03 7:99 ± 0:03
Final body weight (g) 34:65 ± 1:66 39:35 ± 0:56 38:63 ± 1:17 37:48 ± 0:02
Survival (%) 67:78 ± 19:28 97:78 ± 2:22 100 93:33 ± 3:85
Weight gain (%) 332:2 ± 20:32b 393:6 ± 6:98a 383:7 ± 16:67a 369:2 ± 2:05ab

Feed conversion ratio 0:97 ± 0:10 0:81 ± 0:00 0:80 ± 0:02 0:89 ± 0:04
Condition factor 3:21 ± 0:18 2:95 ± 0:09 2:92 ± 0:06 2:99 ± 0:17
HSI (%) 2:07 ± 0:24 1:55 ± 0:04 1:80 ± 0:05 2:01 ± 0:70
VSI (%) 6:95 ± 0:83 3:91 ± 0:11 4:62 ± 0:24 5:33 ± 1:71
Feed intake (%) 1:83 ± 0:04 1:89 ± 0:03 1:88 ± 0:02 1:88 ± 0:04
Data in the same row not sharing the same superscript letter were significantly different (P < 0:05).
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Table 7: Liver fatty acid composition of experimental turbot (% total fatty acid, mean ± standard error).

Fatty acid LPC-0 LPC-0.1 LPC-0.25 LPC-0.5

C14:0 3:22 ± 0:21 3:21 ± 0:06 3:29 ± 0:15 3:39 ± 0:18
C16:0 15:08 ± 0:27a 12:76 ± 0:28b 13:72 ± 0:44ab 14:15 ± 0:84ab

C18:0 2:51 ± 0:16 2:70 ± 0:32 2:58 ± 0:33 2:68 ± 0:10
C20:0 0:13 ± 0:00 0:12 ± 0:01 0:13 ± 0:01 0:13 ± 0:00
C22:0 0:14 ± 0:02 0:12 ± 0:00 0:12 ± 0:01 0:13 ± 0:01
∑SFA 21:08 ± 0:24a 18:91 ± 0:28b 20:38 ± 0:04b 20:47 ± 0:81ab

C16:1n-7 3:20 ± 0:07 3:20 ± 0:08 3:25 ± 0:04 3:27 ± 0:06
C18:1n-9t 0:10 ± 0:01 0:10 ± 0:01 0:11 ± 0:01 0:10 ± 0:01
C18:1n-9c 22:15 ± 0:94 24:28 ± 1:00 24:62 ± 1:93 23:37 ± 0:88
C20:1n-9 1.24± 0.03b 1.45± 0.03a 1.11± 0.01b 1:51 ± 0:11a

C22:1n-9 0:27 ± 0:01b 0:34 ± 0:03a 0:37 ± 0:01a 0:28 ± 0:01b

C24:1n-9 0:02 ± 0:00 0:03 ± 0:00 0:03 ± 0:01 0:03 ± 0:00
∑MUFA 27:97 ± 0:36bc 30:33 ± 0:36a 27:55 ± 0:40c 29:44 ± 0:45ab

C18:2n-6t 0:14 ± 0:00 0:02 ± 0:00 0:02 ± 0:00 0:15 ± 0:01
C18:2n-6c 36:26 ± 1:64 35:36 ± 1:65 35:02 ± 2:59 34:96 ± 0:87
C18:3n-6 0:22 ± 0:02 0:21 ± 0:02 0:21 ± 0:02 0:20 ± 0:00
C20:2n-6 2:02 ± 0:05 2:77 ± 0:23 2:22 ± 0:44 2:55 ± 0:21
C20:3n-6 0:10 ± 0:01 0:11 ± 0:00 0:10 ± 0:01 0:11 ± 0:01
C20:4n-6 0:68 ± 0:02 0:62 ± 0:05 0:60 ± 0:03 0:66 ± 0:04
∑n-6PUFA 41:01 ± 0:21a 37:64 ± 0:02b 40:36 ± 0:12a 37:92 ± 0:29b

C18:3n-3 2:66 ± 0:06 2:69 ± 0:16 2:67 ± 0:22 2:66 ± 0:11
C20:5n-3 2:42 ± 0:17 2:23 ± 0:09 2:31 ± 0:20 2:36 ± 0:13
C22:6n-3 5:82 ± 0:74 6:08 ± 0:36 5:93 ± 0:32 5:96 ± 0:58
∑n-3PUFA 10:08 ± 0:39 10:99 ± 0:15 10:90 ± 0:50 10:20 ± 0:27
∑n-3/∑n-6 0:25 ± 0:01b 0:28 ± 0:01a 0:29 ± 0:01a 0:26 ± 0:01ab

Data in the same row not sharing the same superscript letter were significantly different (P < 0:05). SFA: saturated fatty acid; MUFA: monounsaturated fatty
acid; PUFA: polyunsaturated fatty acid; t: trans-form; c: cis-form.

Table 5: Whole-body proximate composition of experimental turbot (% wet weight, mean ± standard error).

Parameter LPC-0 LPC-0.1 LPC-0.25 LPC-0.5

Moisture 76:12 ± 0:41 75:95 ± 0:29 76:36 ± 0:36 75:94 ± 0:31
Crude protein 15:33 ± 0:10 15:11 ± 0:17 15:30 ± 0:16 15:51 ± 0:12
Crude lipid 5:94 ± 0:25a 5:94 ± 0:13a 5:47 ± 0:06b 6:10 ± 0:13a

Ash 3:47 ± 0:03a 3:37 ± 0:03ab 3:33 ± 0:03b 3:41 ± 0:04ab

Data in the same row not sharing the same superscript letter were significantly different (P < 0:05).

Table 6: Lipid metabolism-related biochemical parameters in serum of experimental turbot (mean ± standard error).

Parameters LPC-0 LPC-0.1 LPC-0.25 LPC-0.5

TG (mmol/L) 1:95 ± 0:16a 1:79 ± 0:13ab 1:52 ± 0:10b 1:57 ± 0:11ab

TBA (μmol/L) 2:51 ± 0:07a 2:31 ± 0:04c 2:36 ± 0:04bc 2:45 ± 0:03ab

TC (mmol/L) 2:46 ± 0:13a 2:09 ± 0:05b 2:23 ± 0:11ab 2:04 ± 0:07b

HDL-C (mmol/L) 1:42 ± 0:07a 1:08 ± 0:03c 1:09 ± 0:04c 1:28 ± 0:04b

LDL-C (mmol/L) 0:42 ± 0:04b 0:50 ± 0:03ab 0:60 ± 0:05a 0:45 ± 0:05b

MDA (nmol/mL) 5:03 ± 0:81 5:55 ± 0:49 6:36 ± 0:60 4:80 ± 0:33
Data in the same row not sharing the same superscript letter were significantly different (P < 0:05). TG: triacylglycerol; TBA: total bile acid; TC: total
cholesterol; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; MDA: malondialdehyde.
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In the STF, group LPC-0.5 had much (P < 0:05) higher
gene expression of BSAL-like, ApoA1, and ApoEα than the
other groups (Figure 2). The control group had significantly

(P < 0:05) higher gene expression of SREBP1 than groups
LPC-0.25 and LPC-0.5 and significantly (P < 0:05) higher
gene expression of PPARγ than group LPC-0.25. No

Table 8: Fatty acid composition in the subcutaneous tissue around the fin of experimental turbot (% total fatty acid,mean ± standard error).

Fatty acid LPC-0 LPC-0.1 LPC-0.25 LPC-0.5

C14:0 3:99 ± 0:03 3:77 ± 0:13 3:94 ± 0:07 3:72 ± 0:04
C16:0 18:52 ± 0:49 18:61 ± 0:25 19:51 ± 0:43 19:44 ± 0:28
C18:0 4:47 ± 0:10 4:36 ± 0:08 4:49 ± 0:02 4:63 ± 0:18
C20:0 0:29 ± 0:01b 0:31 ± 0:01ab 0:31 ± 0:01ab 0:33 ± 0:01a

C22:0 0:05 ± 0:05b 0:20 ± 0:01a 0:18 ± 0:00ab 0:12 ± 0:06ab

∑SFA 27:33 ± 0:57 27:25 ± 0:35 28:42 ± 0:52 28:38 ± 0:35
C16:1n-7 4:27 ± 0:05 4:09 ± 0:14 4:25 ± 0:12 4:22 ± 0:13
C18:1n-9t 0b 0:09 ± 0:00a 0:10 ± 0:00a 0:07 ± 0:03ab

C18:1n-9c 3:99 ± 0:04 3:83 ± 0:11 3:90 ± 0:14 3:92 ± 0:04
C20:1n-9 2:10 ± 0:06 2:12 ± 0:07 2:17 ± 0:07 2:19 ± 0:08
C22:1n-9 0:34 ± 0:04 0:40 ± 0:01 0:36 ± 0:02 0:35 ± 0:05
C24:1n-9 0:20 ± 0:01b 0:24 ± 0:00a 0:23 ± 0:01ab 0:24 ± 0:01a

∑MUFA 10:91 ± 0:05 10:80 ± 0:34 11:02 ± 0:33 11:00 ± 0:30
C18:2n-6t 0:10 ± 0:05ab 0:20 ± 0:00a 0:04 ± 0:00b 0:18 ± 0:01a

C18:2n-6c 36:76 ± 1:15ab 37:60 ± 0:45a 37:87 ± 0:51a 35:15 ± 0:48b

C18:3n-6 0:20 ± 0:00b 0:23 ± 0:00a 0:24 ± 0:01a 0:22 ± 0:00a

C20:2n-6 1:52 ± 0:08 1:57 ± 0:06 1:38 ± 0:14 1:42 ± 0:13
C20:4n-6 0:80 ± 0:06 0:76 ± 0:02 0:76 ± 0:02 0:81 ± 0:05
∑n-6PUFA 40:61 ± 0:12a 40:50 ± 0:40a 39:03 ± 0:51ab 38:18 ± 0:55b

C18:3n-3 3:63 ± 0:17 3:59 ± 0:05 3:68 ± 0:06 3:43 ± 0:04
C20:5n-3 5:35 ± 0:18 5:09 ± 0:16 5:34 ± 0:05 5:42 ± 0:14
C22:6n-3 9:60 ± 0:39 9:57 ± 0:24 9:64 ± 0:23 9:61 ± 0:02
∑n-3PUFA 13:96 ± 0:63 13:16 ± 0:29 13:32 ± 0:29 13:72 ± 0:65
∑n-3/∑n-6 0:33 ± 0:01 0:33 ± 0:00 0:34 ± 0:01 0:34 ± 0:01
Data in the same row not sharing the same superscript letter were significantly different (P < 0:05). SFA: saturated fatty acid; MUFA: monounsaturated fatty
acid; PUFA: polyunsaturated fatty acid; t: trans-form; c: cis-form.
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Figure 1: Effects of dietary lysophosphatidylcholine supplementation on mRNA expression of lipid metabolism-related genes in the liver of
experimental turbot. For a certain gene, data bars not sharing a same superscript letter were significantly different (P < 0:05).
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significant difference was observed in expression of other
lipid metabolism-related genes among the dietary groups
(Table 10).

4. Discussion

The present study demonstrated the significant positive
effects of dietary supplementation of LPC (0.1-0.25%) on
growth performance of turbot. This was similar to the study
with rainbow trout fed diets containing fat powder, which
showed that 0.9% lysophospholipid in the diet resulted in
significant improvement of body weight, specific growth
rate, and feed conversion ratio [26]. Another study with
rainbow trout also reported significantly improved fish
growth, feed intake, and feed utilization by dietary supple-
mentation of 0.3% soy-derived lysophospholipid [27]. How-
ever, a study with channel catfish showed that 0.0125-0.05%
lysolecithin (purity 25%) did not significantly affect the
weight gain of fish [28]. This difference could be due to the
low lysolecithin dose used in the later study. It could also
be due to the fact that channel catfish is a freshwater fish
species and requires a lower lipid level in the diets. Neverthe-
less, studies with another freshwater species, hybrid tilapia,
did not support this explanation [29]. In that study,
0.0125-0.025% lysophospholipid in the diet significantly
improved the growth performance and feed utilization.
Since usually all the lysophospholipid products do not have
a 100% purity, other components in the lysophospholipid
products may also affect the experimental results. In turbot,
there has been a recent study investigating the efficacy of
lysolecithin in the diets, which showed that dietary supple-
mentation of 0.1-0.55% lysolecithin (purity, 20%) enhanced

the fish growth rate [52]. In that study, a normal dietary lipid
level (11%) was used. Along with the present study using
high-lipid diets, it seemed that lysophospholipid is beneficial
to growth performance of turbot fed both normal and high-
lipid diets. In addition, in this study, the survival of turbot
was also improved by dietary LPC supplementation. This
could be attributed to the improvement of health status,
which could be further, at least partly, attributed to lipid
metabolism regulation by LPC.

Besides growth-promoting effects, another important
function of lysophospholipid was lipid metabolism regula-
tion. In terrestrial animals, lysophospholipid was usually
used to enhance the lipid digestion and absorption and
thereby to spare dietary lipid [22–25]. This was the typical
emulsifying function of lysophospholipid. In fish, however,
under the aforementioned background, namely, popular
use of high-lipid diets, dietary lysophospholipid was
expected to alleviate the negative effects of high-lipid diets.
Indeed, this purpose was realized in previous studies on
channel catfish [28] and rainbow trout [26, 27], as well as
in the present study, which suggested that dietary lysophos-
pholipid reduced the cholesterol and lipid contents in the
whole body and liver, which consequently improved the
hepatic histology, antioxidation capacity, and immunity.
Nevertheless, the regulation of lipid composition by dietary
lysophospholipid was not observed in the study with hybrid
tilapia [29]. In the former study with turbot, dietary lysolec-
ithin even increased the TG and TC contents in the serum,
as well as increased the VSI [52]. These results indicate that
lysophospholipid may influence the lipid deposition differ-
ently depending on dietary lipid level. In addition, in the
present study, although nearly all the lipid-related biochem-
ical parameters in the serum were reduced by dietary LPC,
the concentration of LDL-C was increased. This indicates
the complexity of LPC function. LDL-C mainly functions
as carrier which transports cholesterol biosynthesized in
the liver and absorbed from the intestine to peripheral tis-
sues to be utilized [53, 54]. The increased serum LDL-C con-
tent could be related to the deceased basal cholesterol level in
fish and thus the increased demand for cholesterol in
peripheral tissues. This result was consistent with the down-
regulated hepatic gene expression of HMGCR, a key enzyme
catalyzing the biosynthesis of cholesterol [55], by dietary
LPC in the present study.

Regarding the fatty acid composition in experimental
fish, dietary LPC exerted a very minor effect on the fatty acid
composition in both the liver and STF. The decrease of
C16:0 in the liver by dietary LPC could be due to the eleva-
tion of β-oxidation of C16:0, but the increase of C20:1n-9
and C22:1n-9 in the liver, as well the increase of C24:1n-9
in the STF, was difficult to explain based on current infor-
mation. It has been widely accepted that the fatty acid com-
position in fish was highly plastic and generally reflected
those of the diets [56]. The LPC product used in the present
study was soy-derived, and soy lecithin was used to balance
the LPC grade in the experimental diets. This resulted in the
very similar fatty acid compositions among different diets
and probably consequently resulted in very similar fatty acid
compositions in fish of different dietary groups. On the other

Table 9: Relative mRNA expression of lipid metabolism-related
genes in the liver of experimental turbot not showing significant
differences among dietary treatments (mean ± standard error).

Gene LPC-0 LPC-0.1 LPC-0.25 LPC-0.5

ACACβ 1:00 ± 0:19 1:00 ± 0:01 1:12 ± 0:19 0:88 ± 0:27
ACOX1 1:00 ± 0:06 1:53 ± 0:46 0:94 ± 0:09 0:83 ± 0:14
DGAT1 1:00 ± 0:20 0:82 ± 0:18 0:91 ± 0:1 1:33 ± 0:39
ATGL 1:00 ± 0:39 1:15 ± 0:17 1:05 ± 0:13 1:41 ± 0:39
HSL 1:00 ± 0:09 1:36 ± 0:44 1:09 ± 0:22 1:08 ± 0:26
LPL 1:00 ± 0:24 1:05 ± 0:32 1:34 ± 0:21 0:81 ± 0:15
HL 1:00 ± 0:15 1:54 ± 0:17 1:55 ± 0:10 1:38 ± 0:12
ApoB100 1:00 ± 0:14 1:40 ± 0:01 1:20 ± 0:30 0:79 ± 0:17
SREBP1 1:00 ± 0:02 1:12 ± 0:23 1:23 ± 0:27 0:9 ± 0:26
PPARα1 1:00 ± 0:01 2:03 ± 0:81 1:27 ± 0:40 1:40 ± 0:60
PPARα2 1:00 ± 0:01 1:66 ± 0:60 1:36 ± 0:18 1:07 ± 0:29
PPARβ 1:00 ± 0:37 1:41 ± 0:14 1:27 ± 0:19 0:97 ± 0:24
PPARγ 1:00 ± 0:05 1:03 ± 0:03 1:02 ± 0:14 0:71 ± 0:04
LXRα 1:00 ± 0:29 1:29 ± 0:09 1:17 ± 0:11 0:73 ± 0:14
HNF4α 1:00 ± 0:40 0:77 ± 0:09 0:90 ± 0:22 1:02 ± 0:03
The expression of all genes listed in this table was not significantly (P > 0:05)
different among dietary groups.
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hand, the minor difference in fatty acid composition among
the experimental diets confirmed that the dietary effects in
the present study were attributed to molecular structure of
LPC rather than its fatty acid composition.

The effects of dietary LPC on expression of lipid
metabolism-related genes in the liver and STF were some-
how unexpected. On the one hand, the effects were only
moderate. Only 9 out of 25 genes in the liver and even less
(5 out of 22) in the STF were significantly affected. After

feeding for 56 days, some gene expression possibly had
adapted to the experimental diets. On the other hand,
among the limited genes significantly regulated by LPC,
many were significantly downregulated, including both lipo-
genic genes such as FAS, HMGCR, CYP7A1, SREBP1, and
PPARγ and lipolytic genes such as CPT1 and DAGLα. This
may be due to the fact that the already decreased basal lipid
level by dietary LPC resulted in a less active lipid metabo-
lism. Another characteristic of the gene expression result
was that the high LPC dose (0.5%) had a more significant
effect on gene expression than the low LPC doses (0.1%
and 0.25%). The aforementioned same reason may explain
this characteristic too, because the lipid accumulation
seemed less changed in group LPC-0.5.

The most significantly affected two genes in both the
liver and STF were BSAL and ApoEα. BSAL catalyzes the
hydrolysis of a wide range of substrates including cholesteryl
esters, phospholipids, lysophospholipids, di- and triacylglyc-
erols, and fatty acid esters of hydroxy fatty acids and thus
plays an essential role in the complete digestion of dietary
lipids and their intestinal absorption [57, 58]. ApoEα medi-
ates the transport and uptake of cholesterol and lipid by way
of its high affinity interaction with different cellular recep-
tors [59, 60]. The gene expression of ApoA1 in the liver
and STF, as well as that of ApoA4α in the liver, was also
upregulated by LPC supplementation. ApoA1 is the major
apolipoprotein of plasma high-density lipoproteins (HDL)
and the preferential receptor of phospholipid and free cho-
lesterol, and ApoA4 acts primarily in intestinal lipid absorp-
tion [61, 62]. All these gene expression results evidenced the
significant improvement of lipid digestion by dietary LPC, as
observed in other fish studies [26, 28, 52], as well as in stud-
ies with terrestrial animals [22–25].

In conclusion, the present study suggested that dietary
LPC supplementation (0.1-0.25%, purity 5%) enhanced the
growth and lowered the lipid accumulation in juvenile tur-
bot. Dietary LPC significantly upregulated the gene expres-
sion of BSAL and ApoE in both the liver and the
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Figure 2: Effects of dietary lysophosphatidylcholine supplementation on mRNA expression of lipid metabolism-related genes in the
subcutaneous tissue around the fin of experimental turbot. For a certain gene, data bars not sharing the same superscript letter were
significantly different (P < 0:05).

Table 10: Relative mRNA expression of lipid metabolism-related
genes in the subcutaneous tissue around the fin of experimental
turbot not showing significant differences among dietary
treatments (mean ± standard error).

Gene LPC-0 LPC-0.1 LPC-0.25 LPC-0.5

ACACβ 1:00 ± 0:34 0:53 ± 0:19 0:51 ± 0:15 0:95 ± 0:22
FAS 1:00 ± 0:23 0:80 ± 0:15 0:58 ± 0:15 0:78 ± 0:13
ACOX1 1:00 ± 0:15 0:94 ± 0:07 0:58 ± 0:03 0:91 ± 0:14
CPT1 1:00 ± 0:20 1:13 ± 0:18 0:69 ± 0:09 0:78 ± 0:07
DGAT1 1:00 ± 0:13 0:83 ± 0:10 0:98 ± 0:12 0:84 ± 0:13
ATGL 1:00 ± 0:10 0:68 ± 0:24 0:54 ± 0:09 0:90 ± 0:15
HSL 1:00 ± 0:16 0:63 ± 0:28 0:34 ± 0:10 0:87 ± 0:05
DAGLα 1:00 ± 0:23 1:12 ± 0:31 0:77 ± 0:09 0:80 ± 0:02
LPL 1:00 ± 0:18 0:89 ± 0:23 0:52 ± 0:04 0:66 ± 0:16
HMGCR 1:00 ± 0:30 1:31 ± 0:13 0:98 ± 0:09 1:28 ± 0:24
ApoB100 1:00 ± 0:41 0:61 ± 0:11 0:36 ± 0:12 1:03 ± 0:20
PPARα1 1:00 ± 0:24 0:87 ± 0:08 0:66 ± 0:10 1:14 ± 0:15
PPARα2 1:00 ± 0:27 0:74 ± 0:07 0:69 ± 0:13 0:96 ± 0:20
PPARβ 1:00 ± 0:18 0:99 ± 0:15 0:64 ± 0:08 1:01 ± 0:09
LXRα 1:00 ± 0:14 0:91 ± 0:23 0:63 ± 0:09 0:60 ± 0:01
HNF4α 1:00 ± 0:04 0:87 ± 0:08 1:43 ± 0:21 1:55 ± 0:30
The expression of all genes listed in this table was not significantly (P > 0:05)
different among dietary groups.
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subcutaneous tissue around the fin, indicating the enhance-
ment of lipid digestion by LPC. The fatty acid analysis of
diets and fish tissues suggested that the effects of dietary
LPC could be attributed to the molecular structure of LPC
rather than its fatty acid composition.
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