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A 92-day feeding experiment was conducted to investigate the effects of dietary soybean oil (SO) on growth
performance, fatty acid composition, lipid deposition and hepatic lipid metabolism related gene expression in
juvenile turbot (Scophthalmus maximus L.) (mean initial body weight, 5.88 ± 0.02 g). Three experimental diets
were formulated with substitution of 33.3%, 66.7% and 100% fish oil (FO) by SO. Each diet was randomly fed to
triplicate tanks, and each tank was stocked with 35 fish. The results showed that specific growth rate of turbot
fed diets with 100% SO was significantly lower than that in the 33.3% and 66.7% SO groups. Fatty acid (FA)
composition of total lipid in the liver and muscle was closely correlated with those in diets. The lipid content
in the liver and muscle significantly increased with increasing dietary SO level. The activity of LPL in the liver
of turbot was not significantly affected by dietary SO level. Relative gene expression of LPL, PPARα, FAS and
MTP significantly increased, while relative expression of LXR and CPT I significantly decreased with increasing
dietary SO level. There was no significant difference in the expression of SREBP-1 among dietary treatments.
These results suggested that the growth of turbot fed diets with 100% SO was significantly lower than the low
SO group. The increase of lipid deposition in the liver of turbot fed diets with higher dietary SO level would be
related to the up-regulation of fatty acid synthesis-related gene (FAS) and the down-regulation of fatty acids
oxidation gene (CPT I) expression.
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1. Introduction

Due to increasing costs and limited supplies of global fish oil (FO)
(Tacon and Metian, 2008), it was currently of great urgency for the
aquafeed industry to investigate the possibilities of alternative dietary
lipid sources. Vegetable oil (VO) has been taken as a promising candi-
date for FO replacement, with steadily increasing production, lower
concentrations of dioxins and other organic pollutants, high availability
and better economic value (Bell et al., 2005; Figueiredo-Silva et al.,
2005; Miller et al., 2008). Among VO, soybean oil (SO) has been found
to be a possible alternative lipid source for salmonids, freshwater and
marine fish since it was rich in poly-unsaturated fatty acids, especially
linoleic acid (LA, 18:2n−6) and oleic acid (18:1n−9) (Caballero
et al., 2002; Izquierdo et al., 2005; Montero et al., 2005; Mourente and
Bell, 2006). Some previous studies showed that growth and feed utiliza-
tion were not significantly reduced by partially replacing dietary FO
with SO in finfish (Bell et al., 1994; Fountoulaki et al., 2009; Menoyo
et al., 2004; Regost et al., 2003; Trushenski et al., 2011; Xu et al.,
2012), while the LA and lipid contents in the liver had been significantly
increased with increasing dietary SO level (Bell et al., 1994; Menoyo
et al., 2004). However, the mechanism of lipid deposition in the liver
of fish fed diets with higher dietary SO level was still uncertain.

Hepatic lipid deposition was a result of fatty acid (FA) oxidation,
synthesis and transport. Following feeding, uptake of FA by the tissues
was mediated by lipoprotein lipase (LPL) (Mayes, 1999). FA absorbed
by the liver of fish would supply energy through β-oxidation. Peroxi-
some proliferator-activated receptor α (PPARα) stimulated hepatic
β-oxidation by inducing expression of its target genes involved in
fatty acid (FA) oxidation including carnitine palmitoyltransferase I
(CPT I) (Goto et al., 2011). Accordingly, FA synthesis was regulated by
liver X receptor (LXR) and sterol regulatory element-binding protein 1c
(SREBP-1c), and SREBP-1c could up-regulate fatty acid synthase (FAS)
expression (Fievet and Staels, 2009; Repa et al., 2000; Yoshikawa et al.,
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Table 1
Formulation and chemical proximate composition of the experimental diets.

Ingredient (dry weight, %) Dietary SO replacement level (%)

33.3 66.7 100

White fish meala 33.00 33.00 33.00
Wheat gluten meala 10.00 10.00 10.00
Caseina 6.00 6.00 6.00
Wheat meala 16.00 16.00 16.00
Soybean meala 18.88 18.88 18.88
Fish oil 5.00 2.50 0.00
Soybean oil 2.50 5.00 7.50
Phospholipid 2.00 2.00 2.00
Mineral premixb 2.00 2.00 2.00
Vitamin premixc 2.00 2.00 2.00
Choline chloride 0.13 0.13 0.13
Monocalcium phosphate 1.00 1.00 1.00
Calcium propionic acid 0.10 0.10 0.10
Ethoxyquin 0.05 0.05 0.05
Y2O3 0.04 0.04 0.04
Phagostimulant 1.30 1.30 1.30
Sodium alginate 0.05 0.05 0.05

Proximate analysis (dry matter, %)
Crude protein 50.69 50.02 50.47
Crude lipid 11.43 11.76 12.02
Crude ash 12.27 11.35 11.01

a White fishmeal (drymater, %): protein 71.18 and crude lipid 6.17;wheat glutenmeal
(dry mater, %): crude protein 83.09 and crude lipid 0.96; casein (dry mater, %): crude
protein 87.91 and crude lipid 1.69; wheat meal (dry mater, %): crude protein 16.10 and
crude lipid 1.36; soybean meal (dry mater, %): crude protein 51.53 and crude lipid 1.13.
These ingredients are obtained from Great Severn Bio-Tech (Qingdao, China).

b Mineral premix (mg kg−1 diet): NaF, 2; KI, 0.8; CoCl2·6H2O (1%), 50; CuSO4·5H2O, 10;
FeSO4·H2O, 80; ZnSO4·H2O, 50; MnSO4·H2O, 60; MgSO4·7H2O, 1200; Ca (H2PO3)2·H2O,
3000; zeolite, 15.55 g kg−1 diet.

c Vitamin premix (mg kg−1 diet): thiamin, 25; riboflavin, 45; pyridoxine HCl, 20; vitamin
B12, 0.1; vitamin K3, 10; inositol, 800; pantothenic acid, 60; niacin acid, 200; folic acid, 20;
biotin, 1.20; retinol acetate, 32; cholecalciferol, 5; alpha-tocopherol, 120; ascorbic acid,
2000; choline chloride, 2500; ethoxyquin, 150; wheat middling, 18.52 g kg−1 diet.

Table 2
Fatty acid composition (% total fatty acids) of the experimental diets.a

Fatty acids Dietary SO replacement level (%)

33.3 66.7 100

14:0 3.69 1.85 0.74
16:0 17.34 14.69 13.99
18:0 2.55 2.19 2.69
20:0 3.10 2.82 1.90
∑SFAb 26.68 21.55 19.32
16:1 5.51 3.47 1.73
18:1 22.53 23.82 23.48
∑MUFAc 28.05 27.29 25.21
18:2n−6 25.37 33.70 43.27
20:4n−6 0.37 0.26
∑n−6 PUFAd 25.74 33.96 43.27
18:3n−3 3.19 5.25 6.39
18:4n−3 1.00 0.76
20:5n−3 4.99 3.53 2.19
22:6n−3 5.80 4.32 2.38
∑n−3 PUFAe 14.97 13.85 10.96
∑SFA/∑PUFA 0.66 0.45 0.36
n−3/n−6 PUFA 0.58 0.41 0.25

a Some fatty acids, of which the contents are minor, in trace amounts or not detected
(such as 22:0, 24:0, 14:1, 20:1n−9, 22:2n−11, 20:2n−6, 18:3n−6, 20:3n−6 and
22:5n−3), are not listed in the table.

b SFAs: saturated fatty acids.
c MUFAs: mono-unsaturated fatty acids.
d n−6 PUFAs: n−6 poly-unsaturated fatty acids.
e n−3 PUFAs: n−3 poly-unsaturated fatty acids.
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2001). In addition, excessive dietary FA is exported from the liver in
the form of very low-density lipoprotein (VLDL). Thus, the secretion
of hepatic VLDL was important to hepatic lipid accumulation, which
was regulated by microsomal triacylglycerol transfer protein (MTP)
(Hirokane et al., 2004; Hussain and Bakillah, 2008). Until now, there
are few studies related to gene expression in PPARα, SREBP-1 and MTP
in fish fed with higher VO. Therefore, it was essential to investigate
the effect of dietary SO level on related gene expression of lipolysis, lipo-
genesis and lipid transport so as to explain the mechanism about lipid
deposition in the liver of fish.

The turbot, with high economic value, delicious meat and rapid
growth, is widely cultured in Europe and Asia. To date, some prelimi-
nary studies have been conducted on turbot with 100% SO replacement
for FO (Bell et al., 1994; Regost et al., 2003). Hepatic lipid level was sig-
nificantly higher in turbot feddietswith 100% SO in comparison to those
fed FO diets (Bell et al., 1994). However, the mechanism of hepatic lipid
deposition in turbot induced by higher dietary SO level is still unknown.
According to a previous study in our lab, the diet with 33.3% SO showed
a relatively better ratio of n−3 to n−6 poly-unsaturated fatty acids
(PUFAs), which could be beneficial for growth, feed utilization and FA
composition of the muscle in turbot, and no significant difference in
hepatic lipid content was found between fish fed diets with 33.3% and
66.7% SO (unpublished results). Thus, the lower, moderate and higher
dietary SO levels (with FO substitution by 33.3%, 66.7% and 100% SO,
respectively) were designed in this study to evaluate the effect of
dietary SO level on the growth, the FA composition, and themechanism
of hepatic lipid deposition in turbot.

2. Materials and methods

2.1. Experimental diets

Using white fish meal, soybean meal, wheat gluten meal and casein
asmain protein sources, three isonitrogenous (crude protein: 50% of dry
matter) and isolipidic (crude fat: 12% of drymatter) practical dietswere
formulated to contain the lower, moderate and higher SO levelswith FO
replacement by 33.3%, 66.7% and 100% SO, respectively. Due to the ma-
rine FO and phospholipids contained in the fish meal itself, the 33.3%,
66.7% and 100% SO groups contained about 1.27%, 0.82% and 0.37%
long-chain poly-unsaturated fatty acids (LC-PUFAs) on a dry matter
basis, respectively. Fish meal and soybean meal were ground to pass
through a 320-μm sieve before diet preparation. Procedures for diet
preparation and storage were as previously described by Ai et al.
(2011). No differences were observed in any diets with regard to phys-
ical quality or sinking properties. Ingredients and nutrient composition
of the three experimental diets are given in detail in Tables 1 and 2.

2.2. Experimental procedure and sample collection

Disease-free juvenile turbot were obtained from a commercial farm
(Qingdao City, Shandong Province, China). All fish were conditioned on
a commercial diet of turbot (Great Severn Bio-Tech, Qingdao, China) to
acclimate to the experimental conditions for 1 week, andwere fed three
experimental mixed diets (33.3%, 66.7% and 100% SO diets) for 1 week
to allow them to become accustomed to the sinking pellets prior to
the start of the feeding trial. After being fasted for 24 h, fish of similar
sizes (mean initial body weight, 5.88 ± 0.02 g) were randomly distrib-
uted into 9 tanks (300 l) with 35 fish per tank. Each diet was randomly
assigned to triplicate tanks. Fish were fed to apparent satiation twice
daily (08:00 and 18:00). Turbot ate up diets within 30–60 s following
feeding. The remaining feed and feceswere removed by a siphon imme-
diately after feeding. After six weeks, fecal samples were collected using
a siphon. For each treatment, shaped fecal samples were collected 5 h
after feeding once a day over 5 weeks, then centrifuged (3000 ×g at
4 °C for 20 min) and frozen daily at −20 °C. The feces were analyzed
for Y2O3 and crude lipid to detect the ADC of lipid. All fish were fed in
a recycling system for 92 days. Sea water, continuously pumped from
the adjacent coast to the experiment station, passed through sand
filters, froth separator and biofilter, and finally flowed into each tank
at a rate of 2 l min−1. The recycling water was changed 50% volume of



Table 3
Real-time quantitative PCR primers for fatty acid oxidation-, fatty acid synthesis- and lipid
transport-related genes and β-actin of turbot (Scophthalmus maximus L.).

Target gene Forward (5′–3′) Reverse (5′–3′) Size
(bp)

LPL CTCCCACGAACGCTCTAT GCGGACCTTGTTGATGTT 166
PPARα CGATCAGGTGACCCTGTTAA TGGAACTTGGGCTCCATC 171
CPT I GCCTTTCAGTTCACCATCACA ATGCGGCTGACTCGTTTCTT 113
LXR GCGTCATCAAGAGTGCCC ATCTGATTTGCTCCTCCGAG 153
SREBP-1 CGATCCGCACTCCAAGT CCGCACTGCCCTGAAT 175
FAS GGCAACAACACGGATGGATAC CTCGCTTTGATTGACAGAACAC 205
MTP CCAGCAAAGTCTTACGCCA TACGCAGATGATGACCCAAC 85
β-Actin GTAGGTGATGAAGCCCAGAGCA CTGGGTCATCTTCTCCCTGT 204
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tank (up to 70% volume of tank in the last 4 weeks) after feeding, with
additional aeration provided by a single air-stone. During the experi-
mental period, the water temperature ranged from 17.0 °C to 19.0 °C;
salinity ranged from 28.5‰ to 32.0‰; and dissolved oxygen was
approximately 7 mg l−1. NH4–N, NO3–N and NO2–N were lower than
100.0 μg l−1, 56.2 μg l−1 and 22.5 μg l−1, respectively. At the termina-
tion of the experiment, the fish were fasted for 24 h before harvest.

Before the experiment, 20 fish were randomly selected for determi-
nation of initial whole-body proximate composition. At the end of the
experiment, after being fasted for 24 h, the livers and muscles from
three fish in each tank were pooled into 1.5 ml tubes (RNase-Free;
Axygen), frozen in liquid N2 and then stored at−80 °C for later analysis
of gene expression related to lipid metabolism. The liver from another
six fish in each tank was pooled into 5 ml tubes, frozen in liquid N2

and then stored at −80 °C for the assay of LPL, fatty acid composition,
moisture and crude lipids. Whole bodies of six fish in each tank were
collected into plastic bags and then stored at −20 °C for the assay of
moisture, crude protein, crude lipids and crude ash.

2.3. Chemical analyses

2.3.1. Body composition assays
Dry matter, crude protein, crude lipid, and ash were analyzed

for ingredients, experimental diets and fish samples. Dry matter was
analyzed by drying the samples to constant weight at 105 °C. Crude
protein was determined using the Kjeldahl method (AOAC, 1995) and
estimated by multiplying nitrogen by 6.25. Crude lipid was measured
by ether extraction using Soxhlet method. Ash was examined by com-
bustion in a muffle furnace at 550 °C for 16 h. Duplicate analyses were
conducted for each sample.

The lipid of the liver, muscle, diet and feceswas assayed according to
Folch et al. (1957)with somemodification. In brief, about 100.0mg (dry
weight) sample (w0) was added to 4 ml chloroform:methanol (C–M)
(2:1, v/v) in tube A, and then tube A was settled at rest for over 24 h
(sometimes shaken). Two microliters of C–M was still added to tube
A, and tube A was again settled at rest for 4 h. After centrifugation
(3000 ×g for 10 min at 4 °C) (Hitachi Centrifuge CT15RE), the superna-
tant was transferred to tube B (constant weight, w1). Two microliters
of C–Mwas added to the residue of tube A, settled for over 2 h, and cen-
trifuged (3000 ×g for 10 min at 4 °C) later, and the supernatant was
transferred to tube B. 1.2 ml of 1.6% CaCl2 was added to the supernatant
of tube B, thenmixed, and tube Bwas settled at rest over 12h. The upper
phase was removed. The lower phase of tube B had been dried under a
pure nitrogen steam. Tube A was evaporated at 75 °C and reweighed
(w2). Therefore, the lipid content of the sample (%) is (w2 − w1) /
w0 × 100. Duplicate analyses were conducted for each sample.

2.3.2. Biochemical analysis
The fatty acid profiles were analyzed using the procedures described

byMetcalfe et al. (1966)with somemodification. The detail procedures
were as previously described by Zuo et al. (2012). Briefly, about
100.0 mg freeze-dried samples were added into a 20 ml volumetric
screwed glass tube with plastic cover. Then 3 ml potassium hydroxide
methanol (1 mol l−1) was added and heated on a water bath for
25 min at 78 °C. After that, 3 ml HCl–methanol (2 mol l−1) was added
and the mixture was heated on a water bath for another 25 min at
78 °C. Previous test had been conducted to make sure that all fatty
acids could be esterified following the procedures above. Finally, 1 ml
hexane was added into the mixture above, shaken vigorously for
1 min, and then allowed to separate into two layers. Fatty acid methyl
esters in the upper layer were separated, and quantified by a HP6890
gas chromatograph (Agilent Technologies Inc., Santa Clara, California,
USA) with a fused silica capillary column (007-CW, Hewlett Packard,
Palo Alto, CA, USA) and a flame ionization detector. The column temper-
ature was programmed to rise from 150 °C up to 200 °C at a rate of
15 °C min−1, and from 200 °C to 250 °C at a rate of 2 °C min−1. Injector
and detector temperature were 250 °C, respectively.

Feces from each replicate were dried for 12 h at 65 °C. Yttrium con-
centrations in diets and fecal samples were determined with an induc-
tively coupled plasma atomic emission spectrophotometer (ICP-OES;
VISTAMPX, VARIAN, Palo Alto, CA, USA) after perchloric acid digestion.

The activity of LPL was measured with frozen (−80 °C) samples as
preliminary research showed that it was not affected by freezing. A
total of 0.5 g of liver was minced in 0.86% NaCl solution in a ratio of
1:9 (weight/volume), and the supernatant was transferred to a tube
after centrifugation (3000 ×g for 20 min at 4 °C). The activity of LPL
and protein concentration of the liver was assayed with a commercial
kit (Nanjing Jiancheng Bioengineering Institute, China). One unit of
LPL activity was defined as 1 mmol of non-esterified fatty acid (NEFA)
released per hour per gram of liver protein. Duplicate analyses were
conducted for each sample.
2.4. RNA extraction and real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from the liver using TRIzol Reagent
(Invitrogen, USA) and electrophoresed on a 1.2% denaturing agarose
gel to test the integrity. Then, RNA was treated with RNase-Free
DNase (Takara, Japan) to remove DNA contaminant and reverse
transcribed to cDNA by PrimeScript™ RT Reagent Kit (Takara, Japan)
following the manufacturer's instructions. First strand cDNA was dilut-
ed 3 times using sterilized double-distilled water. Real-time RT-PCR
was carried out in a quantitative thermal cycle (Mastercycler® ep
realplex; Eppendorf, Germany). The amplification was performed in a
total volume of 25 μl, containing 0.5 μl of each primer (10 mM), 1 μl of
the diluted first strand cDNA product, 12.5 μl of 2× SYBR® Premix Ex
Taq™ II (Trans, Japan) and 10.5 μl of sterilized double-distilled water.
The real-time PCR program was as follows: 95 °C for 2 min, followed
by 40 cycles of 95 °C for 10 s, 57.5 °C for 10 s, and 72 °C for 20 s. The re-
actionwas carried outwith three duplicates for each sample. Theprimer
sequences for reference genes (β-actin), LPL, CPT I, PPARα, FAS, LXR,
SREBP-1 and MTP were designed following the published sequences
from turbot and were listed in Table 3. At the end of each PCR reaction,
melting curve analysis was performed to confirm that PCR product
was present in only one of these reactions. Standard curves were
made with six different dilutions (in triplicate) of the cDNA samples
and amplification efficiency was analyzed according to the following
equation E = 10(−1 / slope) − 1. The value of CPT I, LPL, PPARα, FAS,
LXR, SREBP-1, MTP and β-actin was 1.001, 1.001, 1.001, 0.938, 1.010,
0.883, 1.031 and 0.972, respectively. The absoluteΔCT (cycle threshold)
values between the target genes and inner control gene were all lower
than 0.1, which indicates that theΔΔCT calculation for the relative quan-
tification of target genes can be used. To calculate the expression of CPT
I, LPL, PPARα, FAS, LXR, SREBP-1 and MTP, the comparative CT method
(2−ΔΔCT method) was used, and the value stood for n-fold difference
relative to the calibrator (Livak and Schmittgen, 2001).
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2.5. Calculations and statistical methods

The following variables were calculated:

survival rate SR;%ð Þ ¼ Nt� 100=No

specific growth rate SGR;%=dð Þ ¼ LnWt−LnWoð Þ � 100=t

feed efficiency FEð Þ ¼ Wt−Woð Þ=dry feed consumed

feed intake FI;%=fish=dð Þ ¼ 100� total amount of the feed consumed gð Þ=
WoþWtð Þ=2½ �=t

Apparent Net Protein Utilization ANPUð Þ
¼ ½ final carcass protein−initial carcass proteinð Þ=

total dry protein consumed� � 100

hepatosomatic index HSI;%ð Þ ¼ 100� liver weight=Wtð Þ

apparent digestibility coefficient ADCð Þof lipid %ð Þ
¼ 100−100� % tracer in diet=% tracer in fecesð Þ

� % lipid in feces=% lipid in dietð Þ

where Wt and Wo were the final and initial fish weights, respectively;
Nt and No were the final and initial numbers of fish, respectively; and
t was the duration of experimental days.

All data were subjected to a one-way ANOVA and differences
between the means were tested by Tukey's multiple-range test. The
level of significance was set at P b 0.05 (Zar, 1999). The results are pre-
sented asmean values with their standard errors (n= 3), and all statis-
tical analyses were performed using SPSS 16.0 (SPSS Inc., 2005, USA).

3. Results

3.1. Survival, growth performance and somatic indices

During the experimental period, survival rate (SR), ranging from
99.05% to 100.0%, was independent of dietary SO level (P N 0.05)
(Table 4). Fish fed diets with low SO level showed higher feed intake
Table 4
Effects of dietary SO levels on growth, survival, ADC of lipid and selected body parameters
of turbot (Scophthalmus maximus L.) for 92 days.

Index Dietary SO replacement level (%) ANOVA P

33.3 66.7 100

SRa 99.05 ± 1.65 100.0 ± 0.00 100.0 ± 0.00 0.441
FIb 1.83 ± 0.08b 1.58 ± 0.04a 1.68 ± 0.09a 0.019
SGRc 2.32 ± 0.07b 2.36 ± 0.02b 2.15 ± 0.13a 0.044
FEd 1.04 ± 0.06a 1.21 ± 0.03b 1.11 ± 0.07b 0.018
ANPUe 29.29 ± 1.32 32.26 ± 1.18 30.34 ± 0.65 0.093
ADC of lipidf 92.63 ± 1.82 89.33 ± 2.87 91.71 ± 2.71 0.332
HSIg 1.07 ± 0.03 1.11 ± 0.01 1.12 ± 0.06 0.388

a,b,cMean values (n = 3) within a row with a common superscript letter are not signifi-
cantly different from the other dietary groups (P N 0.05).

a SR: survival rate.
b FI: feed intake.
c SGR: specific growth rate.
d FE: feed efficiency.
e ANPU: Apparent net protein utilization.
f ADC: apparent digestibility coefficient.
g HSI: hepatosomatic index.
(FI) in comparison with the 66.7% and 100% SO groups (P b 0.05). Spe-
cific growth rate (SGR) of fish fed diets with 100% SO was significantly
lower than the 33.3% SO and 66.7% SO groups, and no significant differ-
ence was found between the 33.3% SO group and 66.7% SO group
(P N 0.05). Feed efficiency (FE) in fish fed diets with 33.3% SO was sig-
nificantly lower than that in the 66.7% and 100% SO groups (P b 0.05),
though Apparent Net Protein Utilization (ANPU) and apparent digest-
ibility coefficient (ADC) of lipid in fish were not significantly differently
among dietary treatments (P N 0.05) (Table 4). There were also no
significant differences in hepatosomatic index (HSI) of fish among
dietary treatments (P N 0.05) (Table 4).

3.2. Fish tissue composition and apparent digestibility coefficient (ADC)
of lipid

There were no significant differences in moisture, crude lipid
content, crude protein content, ash content, and ADC of lipid for body
composition among dietary treatments (P N 0.05) (Table 5). The lipid
content of the liver in fish increased with increasing dietary SO level,
and was up to the maximum in the 100% SO group (P b 0.05). The
lipid content of themuscle in the 66.7% and 100% SO groups was higher
than that in the 33.3% SO group (P b 0.05) (Table 5).

3.3. Fatty acids of the liver and muscle

The FA profiles of the liver andmuscle reflected those of diets in this
study (Table 6). The content of 18:2n−6 and 18:3n−3 in the liver and
muscle significantly increased with increasing dietary SO level, while
the content of 20:4n−6, 20:5n−3 and 22:6n−3 showed a reverse
trend (P b 0.05). In addition, as dietary LA increased, 18:2n−6 became
enriched in the muscle and liver lipids at the expense of 20:5n−3 and
22:6n−3 in a linear fashion (Fig. 1a, b).

3.4. Activity of LPL and expression of lipid deposition related genes in the liver

The activity of hepatic LPL in fish was not significantly affected by
dietary SO level (P N 0.05) (Fig. 2), though there was an increasing
trend with increasing dietary SO level.

With increasing dietary SO level, relative expression of LPL, PPARα
and MTP genes in the liver of turbot significantly increased, and these
parameters were higher in the 100% SO group compared with the
other groups (P b 0.05) (Fig. 3a, c). Relative expression of hepatic CPT
I and LXR of turbot significantly decreased with increasing dietary SO
level (P b 0.05), and was up to the maximum in the 33.3% SO group
(P b 0.05) (Fig. 3a, b). As dietary SO level increased, therewas no signif-
icant difference in hepatic SREBP-1 gene expression among dietary
treatments (P N 0.05). The expression of FAS gene of turbot fed diets
with 100% SO was significantly higher than the 33.3% and 66.7% SO
Table 5
Proximate composition (% wet weight) in whole body and the lipid content of the liver
and muscle in turbot (Scophthalmus maximus L.) fed diets with graded levels of SO for
92 days.

Index Dietary SO replacement level (%) ANOVA P

33.3 66.7 100

Proximate composition of whole body (% wet weight)
Moisture 76.13 ± 0.66 76.36 ± 1.00 76.69 ± 0.30 0.695
Crude protein 16.63 ± 0.51 16.54 ± 0.83 16.11 ± 0.45 0.653
Crude lipid 3.18 ± 0.12 3.19 ± 0.37 3.43 ± 0.20 0.429
Ash 4.19 ± 0.04 4.18 ± 0.25 4.17 ± 0.11 0.976

Lipid content (% wet weight)
Liver 7.54 ± 0.55a 9.29 ± 0.26ab 11.24 ± 1.45b 0.013
Muscle 0.91 ± 0.04a 1.04 ± 0.05b 1.03 ± 0.03b 0.024

a,b,cMean values (n = 3) within a row with a common superscript letter are not signifi-
cantly different from the other dietary groups (P N 0.05).



Table 6
Fatty acid composition (% total fatty acids) in themuscle and liver of turbot (Scophthalmus
maximus L.) fed diets with graded levels of SO for 92 days.a

Fatty acid Dietary SO replacement level (%) ANOVA P

33.3 66.7 100

Muscle
14:0 1.46 ± 0.19c 0.99 ± 0.03b 0.54 ± 0.01a 0.000
16:0 19.97 ± 0.24 20.26 ± 0.81 19.86 ± 0.72 0.210
18:0 5.43 ± 0.18 5.24 ± 0.22 4.81 ± 0.31 0.098
20:0 2.19 ± 0.25b 1.68 ± 0.08a 1.41 ± 0.05a 0.002
∑SFAb 29.06 ± 0.33b 28.52 ± 0.70b 26.62 ± 0.95a 0.048
16:1 3.44 ± 0.42 3.30 ± 0.12 3.08 ± 0.49 0.320
18:1 22.00 ± 0.60 21.10 ± 0.90 21.09 ± 0.53 1.000
∑MUFAc 25.44 ± 1.19 24.40 ± 0.53 24.17 ± 1.61 0.209
18:2n−6 20.19 ± 0.52a 28.63 ± 0.55b 38.86 ± 0.91c 0.001
20:4n−6 1.14 ± 0.03c 0.63 ± 0.02b 0.50 ± 0.01a 0.000
∑n−6 PUFAd 21.33 ± 0.55a 29.26 ± 0.55b 39.37 ± 0.90c 0.000
18:3n−3 1.22 ± 0.11a 1.74 ± 0.03b 2.60 ± 0.10c 0.000
20:5n−3 4.53 ± 0.14c 3.21 ± 0.13b 2.07 ± 0.09a 0.000
22:6n−3 14.74 ± 1.63c 10.53 ± 1.02b 5.79 ± 0.67a 0.000
∑n−3 PUFAe 20.49 ± 1.66c 15.48 ± 1.13b 10.45 ± 0.74a 0.000
∑SFA/∑PUFA 0.70 ± 0.03b 0.64 ± 0.02b 0.53 ± 0.01a 0.001
n−3/n−6 0.96 ± 0.09c 0.53 ± 0.05b 0.27 ± 0.02a 0.000

Liver
14:0 3.56 ± 0.34c 2.41 ± 0.22b 1.14 ± 0.08a 0.000
16:0 16.17 ± 0.65c 14.06 ± 0.25b 12.23 ± 0.31a 0.018
18:0 2.56 ± 0.43 2.35 ± 0.25 2.49 ± 0.44 0.536
20:0 2.34 ± 0.20b 1.97 ± 0.22ab 1.62 ± 0.02a 0.006
∑SFA 23.78 ± 1.34c 20.09 ± 0.42b 17.47 ± 0.54a 0.000
16:1 5.92 ± 0.54c 4.11 ± 0.14b 2.33 ± 0.03a 0.000
18:1 23.98 ± 0.18 24.45 ± 0.50 24.00 ± 0.53 0.265
22:1 1.46 ± 0.17b 1.14 ± 0.17a 0.87 ± 0.03a 0.002
∑MUFA 31.36 ± 0.37b 29.71 ± 0.21a 27.25 ± 0.48a 0.000
18:2n−6 26.69 ± 0.52a 35.28 ± 0.59b 43.48 ± 1.5c 0.000
20:4n−6 0.79 ± 0.28b 0.36 ± 0.08a 0.44 ± 0.51a 0.025
∑n−6 PUFA 27.33 ± 0.13a 35.64 ± 0.66b 43.92 ± 1.53c 0.000
18:3n−3 2.35 ± 0.91a 3.30 ± 0.12ab 4.43 ± 0.13b 0.009
18:4n−3 0.47 ± 0.02b 0.41 ± 0.01b 0.20 ± 0.02a 0.000
20:5n−3 3.16 ± 0.45b 1.55 ± 0.17ab 0.92 ± 0.12a 0.016
22:6n−3 4.81 ± 1.37b 2.92 ± 0.43ab 1.72 ± 0.30a 0.036
∑n−3 PUFA 10.86 ± 1.95c 8.08 ± 0.49b 7.27 ± 0.39a 0.016
∑SFA/∑PUFA 0.36 ± 0.04b 0.27 ± 0.01 0.29 ± 0.01a 0.001
n−3/n−6 0.45 ± 0.01b 0.23 ± 0.01a 0.17 ± 0.01a 0.000

a,b,cMean values (n = 3) within a row with a common superscript letter are not signifi-
cantly different from the other dietary groups (P N 0.05).

a Some fatty acids, of which the contents are minor, in trace amounts or not detected
(such as 22:0, 24:0, 14:1, 20:1n−9, 22:2n−11, 20:2n−6, 18:3n−6, 20:3n−6 and
22:5n−3), are not listed in the table.

b SFAs: saturated fatty acids.
c MUFAs: mono-unsaturated fatty acids.
d n−6 PUFAs: n−6 poly-unsaturated fatty acids.
e n−3 PUFAs: n−3 poly-unsaturated fatty acids.
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Fig. 1. Effects of graded dietary SO level on 18:2n−6, 20:5n−3 and 22:6n−3 in the
muscle (a) and liver (b) of turbot (Scophthalmus maximus L.) for 92 days. Relationship
between 18:2n−6, 20:5n−3 and 22:6n−3 in the muscle and liver against dietary LA
(% total fatty acid) was analyzed by simple linear regression.

Fig. 2. Activity of hepatic LPL in turbot (Scophthalmus maximus L.) fed diets with graded
levels of SO for 92 days. Bars bearing the same letters are not significantly different by
Tukey's test (P N 0.05).
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groups (P b 0.05), and no significant difference could be found between
the latter groups (Fig. 3b).

4. Discussion

In the present study, the growth in fish fed diets with 100% SO was
significantly lower than the 33.3% and 66.7% SO groups, but no signifi-
cant difference was found between the 33.3% and 66.7% SO groups
after a 92-day feeding (P b 0.05), which suggested that FO could be par-
tially replaced by SO in diets of turbot. The result was consistent with
some previous studies in other fish (Bell et al., 2005; Caballero et al.,
2002; Figueiredo-Silva et al., 2005; Greene and Selivonchick, 1990;
Hardy et al., 1987; Izquierdo et al., 2005;Menoyo et al., 2004; Rosenlund
et al., 2001; Trushenski et al., 2011; Xu et al., 2012). This would be
related to dietary appropriate levels of n3 LC-PUFA. Indeed, the n3
LC-PUFA content in the 66.7% SO and 100% SO groups was 0.82% diet
and 0.37% diet, respectively. The n3 LC-PUFA content in the diet with
100% SO was insufficient to meet the EFA requirements of turbot,
which is estimated to be 0.8% (Gatesoupe et al., 1977), or even less
(0.6%; Léger et al., 1979). Thus, the lower n3 LC-PUFA content in the
100% SO group would account for the reduction of growth.

The FA profiles of the liver andmuscle reflected those of diets in this
study, as already shown in other fish studies (Benítez-Dorta et al., 2013;
Sun et al., 2011; Tocher et al., 2003; Trushenski et al., 2011; Xu et al.,
2012). Compared with the 33.3% SO group, the liver and muscle of fish
fed diets with higher SO level were rich in 18:2n−6 and 18:3n−3,
but poor in 20:4n−6, EPA and DHA. This was consistent with the find-
ings in turbot of Regost et al. (2003). The significant decrease of EPA and
DHAcontents in themusclewas found in the 66.7% and 100% SOgroups,



Fig. 3. Effects of graded dietary SO levels on relativemRNA expression of hepatic fatty acid
oxidation-related genes (LPL, PPARα and CPT I) (a), lipogenesis-related genes (FAS, LXR
and SREBP-1) (b) and lipid transport-related gene (MTP) (c) in turbot (Scophthalmus
maximus L.) for 92 days. Values are means (n ≥ 2). Bars bearing the same letters are not
significantly different by Tukey's test (P N 0.05).
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whichmeans that themuscle quality of turbot had been decreased after
fed diets with higher SO replacement level (≥66.7%). These results sug-
gested that on the basis of nutritional quality, the SO replacement level
in turbot diet should be lower than 66.7%. In addition, it has been well
known that the biosynthesis of LC-PUFA was a process of catalysis on
C18 substrates, linoleic acid (18:2n−6) or linolenic acid (18:3n−3),
through Δ6 fatty acyl desaturase (Fad), elongase and Δ5 Fad. In the
present study, the content of 20:4n−6, 20:5n−3 and 22:6n−3 in
the liver and muscle decreased with increasing dietary 18:2n−6 and
18:3n−3 levels (P b 0.05), which suggested that the capacity of turbot
to convert 18:2n−6 to 20:4n−6 or 18:3n−3 to EPA and DHAwas lim-
ited. Because of relatively higher activity of Δ6 Fad (Ghioni et al., 1999),
the limitation of LC-PUFA biosynthesis in turbot would be greatly
related to the lower activity of Δ5 Fad (Owen et al., 1975) and elongase
(from C18 to C20) (Ghioni et al., 1999; Tocher et al., 1989).

No effect of dietary SO level was observed in whole body of turbot,
which was well in agreement with Regost et al. (2003) in turbot. But,
turbot had the ability to store large amounts of lipid in the liver like
other flatfish (Nortvedt and Tuene, 1998; Regost et al., 2003). In the
present study, the lipid content of the liver (% wet weight) in turbot
fed diets with 100% SO (11.24%) was significantly higher than the
33.3% SO group (7.54%). On the other hand, muscle lipid content was
low (lower than 2%), confirming earlier report (Regost et al., 2001),
but the muscle lipid content of turbot fed diets with 66.7% and 100%
SOwas significantly higher than the 33.3% SO group. Thus, no significant
difference of crude lipid in thewhole fishmight be related to the reduce
lipid of the visceral, except for the liver.

In the present study, significantly higher hepatic lipid deposition in
the 100% SO group could be due to lower fatty acid oxidation in the
higher SO group. Indeed, a significant down-regulation of CPT I expres-
sion (a “rate-limiting” enzyme of β-oxidation) (Eaton, 2002) was found
in this study. Dietary n3 LC-PUFA increased mitochondrial fatty acid
oxidation by stimulating the activity of CPT I (Madsen et al., 1999).
Thus, the lower expression of CPT I could result in lower non-esterified
FA (NEFA) delivery to the liver to down-regulate the capacity of
β-oxidation and eventually resulted in higher hepatic lipid deposition in
the present study. Moreover, low dietary n3 LC-PUFA content in the
100% SO group would be related to higher lipid content in the liver. Pre-
vious studies have found that higher dietary n3 LC-PUFA could promote
transcription of fatty acid oxidation related genes (Jump, 2004) andmito-
chondrial proliferation (Vamecq et al., 1993). In addition, it has been
reported that EPA can bind to PPARαwith higher affinity than saturated
fatty acid (SFA), monounsaturated fatty acid (MUFA) and n−6 poly-
unsaturated fatty acid (n−6 PUFA) (Desvergne and Wahli, 1999).
PPARα activation by n3 LC-PUFA may induce the expression of lipolytic
genes, and increase the activity of enzymes such as CPT I, thus enhanced
fatty acid β-oxidation (Baillie et al., 1999; Poudyal et al., 2011). As hepatic
n3 LC-PUFA decreased with increasing dietary SO level, the expression of
hepatic PPARα gene should decreasewith decreasing dietary n−3 PUFA,
while it significantly increased in the 100% SO group. This suggested that
higher dietary SO (rich in linoleic acid) level would affect other factors,
which could up-regulate PPARα gene expression. Indeed, linoleic acid
could increase insulin secretion in rat beta-cells (Zhou et al., 2012), and
insulin mediated the transcriptional activity of PPARα in rats (Shalev
et al., 1996). Moreover, the expression of PPARα gene was down-
regulated in higher n−6 PUFA treatment (100% VO) but only in the
lean family group of Atlantic salmon (Salmo salar) (Morais et al., 2011).
Therefore, detailed mechanisms of the effect of higher dietary SO level
on hepatic lipolysis should be deeply studied on post-translational
regulation.

Hepatic lipid deposition was also related to the uptake of mobilized
fatty acids (FAs) from the adipose tissue and hepatic lipogenesis (Vyas
et al., 2011). Uptake of fatty acids by tissues is mediated by LPL. In the
present study, relative expression of hepatic LPL gene in the 100% SO
groupwas higher than that in the 33.3% and 66.7% SO groups, while he-
patic LPL activity was not significantly affected by dietary SO level. No
significant difference of hepatic LPL activity in fish fed diets with higher
dietary n−6 PUFA level was also confirmed by the findings in rainbow
trout (Oncorhynchus mykiss) (Richard et al., 2006a) and European
seabass (Dicentrarchus labrax L.) (Richard et al., 2006b). These findings
indicated that the increase in LPL gene expression caused by higher
dietary SO level seems to be really too weak to induce modification in
the activity of LPL or the regulation of dietary SO level on LPL gene ex-
pression could also decrease at a post-transcriptional level. In addition,
in mammals, fatty acid synthesis and uptake were induced by LXR
agonists through the activation of SREBP-1c gene expression and up-
regulation of FAS and LPL (Cha and Repa, 2007; Minghetti et al., 2011;
Montanaro et al., 2007; Schoonjans et al., 2000). A significant up-
regulation of FAS expression was found in the 100% SO group, which

image of Fig.�3
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was in agreement with the results in the liver (Morais et al., 2011) or
intestine (Morais et al., 2012) in Atlantic salmon. In both studies, FAS
was up-regulated by higher dietary n−6 PUFA (a blend of VO). The
results showed that significantly higher hepatic lipid content in the
100% SO group could be due to higher fatty acid synthesis in the liver.
However, LXR gene expression in the 33.3% SO group was significantly
higher than that in the 66.7% and 100% SO groups, whichwas consistent
with the findings in Atlantic salmon (Cruz-Garcia et al., 2009). In the
present study, the reduction of hepatic LXR gene expression caused by
higher dietary SO level was not echoed by the increase of FAS gene ex-
pression, which indicated that FAS might not be the target gene of LXR
in turbot, just as the findings in isolated adipocytes of rainbow trout
(O. mykiss) (Cruz-Garcia et al., 2012). Thus, higher dietary SO level
could account for the higher expression of FAS, which resulted in up-
regulation of lipid synthesis and thereby resulted in higher hepatic
lipid deposition in the 100% SO group. In addition, no significant differ-
ence of SREBP-1 gene expression among dietary treatments was found.
Both EPA and DHA had been shown to inhibit SREBP-1 expression
through post-translational mechanisms in rat primary hepatocytes
(Howell et al., 2009). Thus, the change of SREBP-1 gene expression
caused by dietary graded SO level might be at post-translational level.

Besides enhanced FA uptake and lipogenesis, the decrease in very
low-density lipoprotein (VLDL) secretion rates could also result in
hepatic fat deposition (Nagayoshi et al., 1995). Hepatic VLDL secretion
rate was regulated byMTP, whichmodulated the transport of triglycer-
ide across the endoplasmic reticulum so that it was brought together
with apolipoprotein B-100 for assembly of the VLDL particles (Hussain
et al., 2008). Relative expression of hepaticMTP gene in turbot increased
with increasing dietary SO level, which to a certain extent suggested that
the secretion rate of VLDL increased with increasing dietary SO level. In-
deed, according to the findings of López-Soldado et al. (2009b), chylomi-
cron remnant-like particles (CRLPs) enriched in n−6 PUFAs (higher
content in SO) increased the secretion of VLDL, while CRLPs enriched
with n−3 PUFAs could reduce the expression of MTP in the research of
López-Soldado et al. (2009a). Thus, the up-regulation of MTP expression
was related to the enriching CRLPs induced by higher dietary n−6
PUFAs and relatively lower dietary n−3 PUFA, which resulted in the in-
crease of VLDL secretion to promote excessive dietary fatty acids exported
from the liver, and finally reduce the hepatic lipid content.

In conclusion, the growth of turbot fed diets with 100% SO was sig-
nificantly lower than the low SO group. However, no significant differ-
ences were found in the 33.3% and 66.7% SO groups. The increase of
hepatic lipid deposition in turbot induced by higher dietary SO level
would be related to not only the up-regulation of fatty acid synthesis-
related gene (FAS) expression, but also the down-regulation of fatty
acid oxidation gene (CPT I) expression. Interestingly, higher dietary SO
level would promote the activity of lipid transport in turbot. Future
studies are needed to investigate the effects of higher dietary SO level
on post-translational regulation of hepatic lipolysis and the regulation
mechanism of LXR, SREBP-1 and FAS in turbot.
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