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Two 70-day feeding trials were conducted to reevaluate the necessity of cholesterol supplementation in diets of two important
marine fish species, turbot and tiger puffer. Graded levels (0, 0.5, 1.0, 2.0, and 4.0% of dry matter) of cholesterol were added
into the basal diet (with 30% fishmeal but no fish oil) to make five experimental diets, which were designated as control, CHO-
0.5, CHO-1.0, CHO-2.0, and CHO-4.0, respectively. The dietary cholesterol concentration was measured to be 0.11%, 0.65%,
1.10%, 2.32%, and 4.59%, respectively. Each group had triplicate tanks, and each tank was stocked with 30 fish. The results
showed that compared to the control, dietary cholesterol supplementation had no significant effect on the growth of both
turbot and tiger puffer. Nevertheless, excess dietary cholesterol (CHO-2.0 and CHO-4.0) led to significant lower weight gain of
tiger puffer compared to CHO-1.0. The feed intake decreased with increasing levels of dietary cholesterol. In general, the
cholesterol supplementation decreased the crude lipid content in the liver, whereas 0.5% dietary cholesterol supplementation
tended to increase the crude lipid content in the muscle of both species. Dietary cholesterol supplementation significantly
regulated the lipid-related biochemical parameters in serum, liver, and muscle, and compared to turbot, tiger puffer lipid
compositions had a higher buffering capacity in response to changes in dietary cholesterol level. Dietary cholesterol
supplementation increased the 20:4n-6 content in the liver. Dietary cholesterol supplementation significantly downregulated
the gene expression of HMG-COAr, upregulated the CYP7A1 expression, and downregulated the expression of lipid
absorption and biosynthesis genes, but had no significant effect on gene expression of CPT1 and lipid transport-related genes
(ApoA1, ApoA4, ApoB100, and ApoEα) in the liver. In conclusion, under the present experimental condition, dietary
cholesterol supplementation had no significant effect on the growth of turbot and tiger puffer. In both species, dietary
cholesterol supplementation significantly regulated the lipid accumulation and metabolism.

1. Introduction

Cholesterol, as the most abundant steroid compound in
animal body, is an important component of animal cell
membranes [1] and an important precursor of steroid
hormones, vitamin D3, and bile acids [2, 3]. Cholesterol is

commonly considered to be a non-essential nutrient in diets
for fish because it can be synthesized in vertebrates [4].
However, cholesterol biosynthesis is an energy-consuming
process. When the cholesterol in the diets is insufficient, fish
need to mobilize considerable energy to synthesize choles-
terol endogenously, which otherwise could support growth
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alternatively [5]. Therefore, the necessity and importance of
cholesterol supplementation in fish diets need to be reevalu-
ated. In particular, the levels of fishmeal and fish oil, which is
the main source of dietary cholesterol supply, are reducing
due to the relative shortage in supply and consequently high
price [6, 7].

In fact, when the necessity of cholesterol supplementation is
evaluated, controversial results have been observed. Previous
research has shown that the supplementation of cholesterol into
diets with fishmeal as the main protein source could not signifi-
cantly affect the growth of Atlantic salmon (Salmo salar) (fish-
meal, 60%; the supplemented and measured cholesterol level,
1% and 1.38%, respectively) [8] and hybrid striped bass (Morone
chrysops ×M. saxatilis) (fishmeal, 58.3%; the supplemented cho-
lesterol level, 1%) [9]. In contrast, when fish were fed diets with
high levels of plant protein, the growth performance and feed
intake were enhancedwith the supplementation of 0.9-2.0% cho-
lesterol. This was observed in species such as channel catfish
(Ictalurus punctatus) (fishmeal, 0%; the supplemented choles-
terol level, 1%) [10], Japanese flounder (Paralichthys olivaceus)
(fishmeal, 0%; the supplemented and measured cholesterol level,
1% and 1.2%, respectively) [11], turbot (Scophthalmus maximus)
(fishmeal, 14.5%; the supplemented and measured cholesterol
level, 1% and 1.25%, respectively) [12, 13], Nile tilapia (Oreochro-
mis niloticus) (fishmeal, 16.5%; the supplemented cholesterol
level, 2%) [14], and rainbow trout (Oncorhynchus mykiss) (fish-
meal, 19-32%; the supplemented and measured cholesterol level,
0.9-1.2% and 1.30-1.68%, respectively) [15, 16]. The supplemen-
tation of 0.5-2% cholesterol (the measured level, 0.76-2.22%) to
the defatted fishmeal-based diet (inclusion level, 65%) also pro-
moted the growth of turbot [17]. Nevertheless, there were some
exceptions. For example, the supplementation of 1% cholesterol
(the measured level, 1.36%) to high plant protein-based diet
(fishmeal, 27.5%; soybean meal, 42.9%) had no significant effect
on the growth of the giant grouper (Epinephelus lanceolatus)
[18]. In addition to the type of dietary protein source, the effect
of cholesterol supplementation was also related to the processing
of protein sources. The addition of 1-1.5% cholesterol (the mea-
sured level, 1.1-1.57%) to diets with soy protein concentrate as
the main protein source had no significant effect on the growth
of Atlantic salmon [19] and Japanese flounder [11], whereas
the supplementation of 1% cholesterol (the measured level,
1.2%) into the diet with soy protein isolate as the main protein
source enhanced the growth of Japanese flounder [11].

Both turbot and tiger puffer are important aquaculture
species. They are also becoming good research models due
to the detailed genome information and special lipid storage
patterns [20]. The present study was aimed at reevaluating
the necessity of cholesterol supplementation in diets of these
two species, when a medium fishmeal level but no fish oil
was used in the diets. Alongside the growth performance,
the present study also evaluated the roles of dietary choles-
terol supplementation in lipid metabolism, considering the
important direct and indirect roles of cholesterol in lipid
absorption, transport, and metabolism [21]. In addition,
turbot and tiger puffer have different lipid storage patterns.
They store lipid predominantly in subcutaneous adipose tis-
sue around fin and liver, respectively. It is highly interesting
but still elusive that whether the lipid storage pattern affects

the cholesterol requirement and function. The comparison
of results between these two species may provide basic data
and part answer for this question.

2. Materials and Methods

2.1. Experimental Diets. A same basal diet with approxi-
mately 50% protein and 8% lipid, which were demonstrated
to be suitable for both turbot and tiger puffer [22–25], was
used for these two species. The basal diet (control) was made
with a medium fishmeal level (30%, [26–29]) but no fish oil
(Table 1). Other protein sources such as corn gluten meal,
soybean meal, casein and brewer’s yeast and lipid sources
such as linseed oil, soybean oil, and rapeseed oil were used
in the diet formulation. Graded levels (0.5, 1.0, 2.0, and
4.0% of dry matter) of cholesterol product (AR, purity
>95%, Macklin) was added into the basal diet to make the
four cholesterol-supplemented diets, which was designated
as CHO-0.5, CHO-1.0, CHO-2.0, and CHO-4.0, respec-
tively. The fatty acid compositions of the experimental diets
are presented in Table 2. All the diets were made following
the standard procedures in our laboratory and stored at
-20°C before use [30].

2.2. Experimental Fish, Feeding Procedure and Sampling. The
feeding trials with juvenile turbot (initial body weight 21 g)
and juvenile tiger puffer (initial body weight 12 g) were con-
ducted in Haiyang Huanghai Aquaculture Co., Ltd. Prior to
the feeding trial, fish were reared in polyethylene tanks and
fed a commercial diet (protein 50%; lipid 10%) for 2 weeks
to acclimate to the experimental conditions. At the onset
of the feeding trial, experimental fish were randomly distrib-
uted into 30 polyethylene tanks (200 L), including 15 tanks
of turbot and 15 tanks of tiger puffer. Each dietary group
had triplicate tanks, and each tank was stocked with 30 fish.
Due to the difference in digestive characteristics, turbot were
hand-fed to apparent satiation twice daily (7 : 00 and 19 : 00),
whereas tiger puffer were fed three times a day to apparent
satiation (6 : 30, 12 : 30, and 18 : 30). All the tanks were sup-
plied with flow-through filtered seawater and cleaned daily
by siphoning out residual feed and feces. The feeding trials
lasted 70 days. During the experiment, the water tempera-
ture ranged from 19 to 21°C; salinity, from 28 to 30; pH,
from 7.6 to 7.9; and dissolved oxygen > 8mgL-1.

At the end of the feeding trials, the fish were firstly fasted
for 24 h. After being anesthetized with eugenol (1 eugenol:
10,000 water), the fish in each tank was bulk weighted, and
the number of fish was recorded. After that, three randomly
selected whole fish were collected from each tank for the
analysis of proximate composition. Six more randomly
selected fish per tank were dissected to collect the samples
of serum, liver, and muscle for other assays. Blood was col-
lected from the caudal vein, which was allowed to clot firstly
at room temperature for 2 h and then at 4 °C for 6 h. After
that, centrifugation (4000× g, 10min, 4 °C) was conducted
to separate the straw-colored supernatants (serum samples).
After dissection, before collection of tissue samples, weight
of liver and viscera from 3 fish, as well as that of the corre-
sponding whole fish, were recorded first to calculate the
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viscerosomatic index (VSI) and hepatosomatic index (HSI).
VSI = wet viscera weight/fish body weight × 100; HSI = wet
liver weight/fish body weight × 100. The body length of these
three fish was also recorded for the calculation of condition
factor (CF). CF = body weight/ðbody length3Þ × 100. All the
tissue samples were frozen with liquid nitrogen immediately
and then stored at −76 °C before use. All sampling protocols,
as well as all fish rearing practices, were approved by the
Animal Care and Use Committee of Yellow Sea Fisheries
Research Institute, and efforts have been taken to minimize
the suffering of fish.

2.3. Analysis of the Proximate Composition and Fatty Acid
Composition. The proximate composition analysis of exper-
imental diets and whole fish (three individual fish per tank)
was conducted according to the standard methods of the
Association of Official Analytical Chemists (AOAC) [31].
The lipid content of the whole fish, liver, muscle, and subcu-
taneous adipose tissue around the fin was extracted and ana-
lyzed with the chloroform-methanol method according to
Folch et al. [32].

The fatty acid compositions of diet and liver were ana-
lyzed with gas chromatograph (GC-2010 Pro, Shimadzu,
Japan). Briefly, fatty acids in freeze-dried samples were

reacted first with KOH-methanol and then with HCL-
methanol on 75 °C water bath to obtain fatty acid methyl
esters. Fatty acid methyl esters were extracted with hexane and
then subjected to the gas chromatography equipped with a fused
silica capillary column (SH-RT-2560, 100m × 0:25mm × 0:20
μm, Shimadzu, Japan; dicyano-propyl-polysiloxane as stationary
phase) and a flame ionization detector. The column temperature
increase was programmed: 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 temperature were
250 °C. Results were expressed as percentage of each fatty acid
with respect to total fatty acids (TFA).

2.4. Biochemical Parameters in Serum, Live and Muscle. The
concentration of total cholesterol (TC), triglyceride (TG), free
cholesterol (FC), high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), and malondialde-
hyde (MDA) in the serumweremeasured using commercial kits.
The FC kit was supplied by Applygen Technologies Inc., Beijing,
China. The other kits were supplied byNanjing Jiancheng Bioen-
gineering Institute, Nanjing, China. The cholesteryl ester (CE)
level was calculated by subtracting the FC from the TC value.

The tissue homogenates of liver and muscle were pre-
pared in 10 volumes (w/v) of ice-cold anhydrous ethanol,

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

Ingredients Control CHO-0.5 CHO-1.0 CHO-2.0 CHO-4.0

Fishmeal 30 30 30 30 30

Corn gluten meal 10 10 10 10 10

Soybean meal 10 10 10 10 10

Casein 10 10 10 10 10

Wheat meal 16.68 16.68 16.68 16.68 16.68

Brewer’s yeast 10 10 10 10 10

Mineral premixa 0.5 0.5 0.5 0.5 0.5

Vitamin premixa 1 1 1 1 1

Monocalcium phosphate 1 1 1 1 1

L-ascorbyl-2-polyphosphate 0.2 0.2 0.2 0.2 0.2

Choline chloride 0.2 0.2 0.2 0.2 0.2

Betaine 0.3 0.3 0.3 0.3 0.3

Ethoxyquin 0.02 0.02 0.02 0.02 0.02

Mold inhibitorb 0.1 0.1 0.1 0.1 0.1

Linseed oil 2 2 2 2 2

Soybean oil 1 1 1 1 1

Rapeseed oil 1 1 1 1 1

Soya lecithin 2 2 2 2 2

α-Starch 4 3.5 3 2 0

Cholesterolc 0 0.5 1 2 4

Proximate composition

Crude protein 49.75 50.22 50.14 50.52 50.50

Crude lipid 8.34 8.92 9.47 10.56 12.73

Ash 8.02 8.12 8.07 8.07 7.98

Cholesterol 0.11 0.65 1.10 2.32 4.59
aVitamin premix and mineral premix, designed for marine fish, were purchased from Qingdao Master Biotech Co., Ltd, Qingdao, China. bContained 50%
calcium propionic acid and 50% fumaric acid. cCholesterol (AR, >95%) was purchased from Shanghai Macklin Biochemical Co., Ltd, Shanghai, China.
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followed by centrifugation (2500× g for 10min at 4 °C), and
the supernatant was sampled for the measurement of TC,
TG, HDL-C, and LDL-C. When total bile acid (TBA) and
MDA were measured, the homogenate is made from the
normal saline. All the assay for liver and muscle samples
was similar to the assay for serum samples.

2.5. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Analysis. Total RNA in liver was extracted using
RNAiso Plus (TaKaRa Biotechnology (Dalian) Co., Ltd.,
Dalian, China) and reverse transcribed with Evo M-MLV
RT Mix Kit with gDNA Clean for qPCR (Accurate Biotech-
nology (Hunan) Co., Ltd., Hunan, China) according to the
user manual.

Specific primers for target genes and the reference genes
(β-actin and EF1α) were designed based on the sequences
available in the GenBank database and synthesized by TsingKe
Biological Technology Co., Ltd. (Qingdao, China) (Tables 3
and 4). 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®
Green Premix Pro Taq HS qPCR Kit II (Accurate Biotechnol-
ogy (Hunan) Co., Ltd., Hunan, China) and a quantitative ther-
mal cycler (Roche LightCycler 96, Basel, Switzerland) were
used for the real-time qPCR. The reaction system consists of

2μL cDNA template, 10 μL SYBR® Green Pro Taq HS Premix
II, 0.8μL forward primer (10μM), 0.8μL reverse primer
(10μM), and 6.4μL sterilized water. The program was as fol-
lows: 95 °C for the 30s followed by 40 cycles of “95 °C for 5 s,
57°C for 30s, 72 °C for 30 s.” Melting curve analysis (6.4 °C
increment/min from 65 °C to 97 °C) was performed after the
amplification phase for confirmation of the sole product. Each
sample was run in triplicate. The mRNA expression levels
were calculated with the qRT-PCR method: 2-ΔΔCt [33].

2.6. Statistical Methods. All data were subjected to one-way
analysis of variance (ANOVA) in SPSS 16.0 for Windows.
Duncan’s multiple range test was used to detect the signifi-
cant differences between the means. The significance was
accepted when P < 0:05. The results are presented as means
of triplicate tanks ± standard error. Regression analysis with
SPSS between dietary cholesterol and responding parameters
was conducted where necessary.

3. Results

3.1. Growth Performances and Somatic Indices. For the
turbot trial, no significant difference (P > 0:05) was observed
among dietary groups in survival, final weight, and weight
gain (Table 5). The survival of turbot was higher than 97%
in all treatments. With increasing levels of cholesterol

Table 2: Fatty acid compositions of the experimental diets (% total fatty acids).

Fatty acid Control CHO-0.5 CHO-1.0 CHO-2.0 CHO-4.0

12 : 0 0.12 0.13 0.11 0.12 0.10

14 : 0 2.80 2.80 2.70 2.75 2.71

16 : 0 17.38 17.11 16.97 16.99 17.59

18 : 0 5.08 4.94 5.01 4.95 5.32

∑SFA 26.40 25.96 25.73 25.78 26.73

16:1n-7 3.22 3.22 3.25 3.20 3.26

18:1n-9 24.68 23.90 24.12 23.66 24.89

20:1n-9 0.62 0.54 0.60 0.55 0.62

22:1n-9 0.10 0.08 0.09 0.10 0.11

24:1n-9 0.16 0.17 0.19 0.18 0.21

∑MUFA 28.93 28.05 28.37 27.82 29.23

18:2n-6 23.27 23.41 23.39 23.42 23.23

18:3n-6 0.22 0.22 0.21 0.22 0.20

20:4n-6 0.45 0.45 0.45 0.45 0.51

∑n-6PUFA 23.94 24.12 24.05 24.10 23.94

18:3n-3 13.69 14.25 14.29 14.25 13.15

20:5n-3 4.32 4.63 4.66 4.87 4.27

22:5n-3 0.59 0.64 0.63 0.65 0.60

22:6n-3 2.13 2.31 2.28 2.52 2.09

∑n-3PUFA 20.73 21.87 21.85 22.31 20.10

n-3/n-6 0.87 0.91 0.91 0.93 0.84

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids. In addition to the fatty acids listed in the table, total fatty
acids include 13 : 0, 15 : 0, 17 : 0, 20 : 0, 21 : 0, 22 : 0, 14:1n-5, 15:1n-5, 17:1n-7, 20:2n-6, 20:3n-6, 22:2n-6, and 20:3n-3. Data in the same row not sharing a
superscript were significantly (P < 0:05) different.
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Table 3: Sequences of the primers used in this work of turbot.

Primer Sequence (5′-3′) GenBank reference Product length (bp)

FAS-F GGCAACAACACGGATGGATAC
KC189927.1 205

FAS-R CTCGCTTTGATTGACAGAACAC

CPT1-F GCCTTTCAGTTCACCATCACA
XM_035614266.1 113

CPT1-R ATGCGGCTGACTCGTTTCTT

GPAT-F GTCGCAGCTAAAACCAAAC
XM_035607968.1 199

GPAT-R TCCGCAGCAGGTAACTCAT

DGAT-F ATGTACTACTTTGTCTTTGCCC
KC189938.1 180

DGAT-R GAATGGTTTCATTGAGTTCTGT

ATGL-F GCGAAAGAGGCAAGAAAGCGA
XM_035643755.1 263

ATGL-R TGTAGTGCGGGAGGGATAAGG

HSL-F GTTGAGAGGGGCAGAATTTG
XM_035629599.1 226

HSL-R GATGTGTGCTGACGGTGGAG

DAGLα-F CACAGATGGACAGCAGTTGGA
XM_035628256.1 147

DAGLα-R GATGACAGAGGGAAGGAGGGT

MGLL-F CTGCTGCTCGTGAACTCTG
XM_035628286 84

MGLL-R CGACTTCTTTGCTGCTAATGT

PL-F TCAGGGCTTTCTGGGATT
XM_035605303 289

PL-R GAGCTGGAACTCGTTGGTG

BSAL-F CGCCGTCCTGACATTAGC
XM_035609042 289

BSAL -R AGCCTTGCCCTTCTCCCT

LPL-F CTCCCACGAACGCTCTAT
KC189937.1 166

LPL-R GCGGACCTTGTTGATGTT

HL-F GGGCTACGACATCAAGAAG
XM_035629475 197

HL-R TGAAGGAGATATGGAGGTTT

ApoA1-F CAGCCTGGAGCAGAGTGT
XM_035637559 170

ApoA1-R CCATTTGTTTCACCGAGTT

ApoA4α-F AGGATGCTTTCTGGGACTATGT
XM_035620874 101

ApoA4α-R GAGGCTGTTCACTTCCTTTCC

ApoB100-F TCTCACCCTCGGTCTCGG
XM_035617338.1 158

ApoB100-R TTCAGGTTTCTCCTCACAACGA

ApoEα-F GGCAGCAGATGGAGAAGT
XM_035620876 277

ApoEα-R TTCAGCAGGTCGTTCAGG

PPARα1-F GCCTGGTGAATGTGGAGCA
JN253593.1 103

PPARα1-R GGGAAGAGGAACGTGTCGT

PPARα2-F CCCTGATAACACCTTCCTCTTTCCC
JQ901838.1 109

PPARα2-R TGTCTCGGTCGTCTTGATGTCCTG

PPARβ-F ACGGCAAAGGCTTCGTTACC
XM_035643796.1 147

PPARβ-R CTAATGGCAGCAACAAACAGG

PPARγ-F AAGTGACGGAGTTCGCCAAGA
XM_035631101.1 121

PPARγ-R GTTCATCAGAGGTGCCATCA

SREBF1-F CAGACCAGCAATGCGAAGAT
XM_035615397.1 224

SREBF1-R CAGGAGCCGACAGGAAGGAG

HMG-COAr-F CCACGAGCAATGTTGTCCC
JN542428.1 206

HMG-COAr-R TTAGGCATCGCTGGTCTTTT

CYP7A1-F TCAAATAGCCAGCGGCAAAC
XM_035635553.1 227

CYP7A1-R CCATGACAGCTTCGACCCTC

EF1α-F TATTAACATCGTGGTCATTGG
KU057926.1 153

EF1α-R CAGGCGTACTTGAAGGAG
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supplementation, the feed intake of turbot generally
decreased (Figure 1), but the somatic indices of turbot
(HSI, VSI, and CF) generally increased and the highest
values were observed in group CHO-2.

For the tiger puffer trial, with increasing levels of dietary
cholesterol, the weight gain firstly increased and then
decreased. The highest and lowest value was observed in
groups CHO-1 and CHO-4, respectively. Moreover, the
weight gain in group CHO-1 was significantly (P < 0:05)
higher than that in groups CHO-2 and CHO-4. However,
0.5-4% cholesterol supplementation had no significant
(P > 0:05) effect on the growth performance of tiger puffer
compared to the control group. Similar to the turbot trial,
the feed intake of tiger puffer decreased with increasing
levels of dietary cholesterol (Figure 1). No significant differ-
ence (P > 0:05) was observed among dietary treatments in
VSI and CF of tiger puffer. The HSI of tiger puffer in group
CHO-4 was lower than that in other groups.

3.2. Body Composition. For both species, there was no signif-
icant difference (P > 0:05) in whole-body protein content
among dietary groups (Table 6), but dietary supplementa-
tion of 0.5% cholesterol significantly increased (P < 0:05)
the crude lipid content in the muscle. The crude lipid con-
tent in the liver of both species gradually decreased with
increasing levels of dietary cholesterol.

For the turbot trial, group CHO-1 had the highest lipid
content in the whole fish body and the subcutaneous tissue
around the fin. No significant difference (P > 0:05) was
observed in the whole-body ash content of turbot. For the
tiger puffer trial, compared to the control group, dietary cho-
lesterol supplementation at 4% significantly (P < 0:05)
reduced the whole-body ash content. No significant differ-
ence (P > 0:05) was observed in the crude lipid content of
whole fish.

3.3. Fatty Acid Profiles in the Liver. The fatty acid profiles of
turbot and tiger puffer liver in response to the experimen-
tal diets are presented in Table 7. For the turbot trial, in
general, dietary cholesterol supplementation increased the
14 : 0 and 16:1n-7 content, but decreased the 18 : 0 content.
Dietary cholesterol supplementation substantially (P < 0:05)
increased the 20:4n-6 (ARA) content. In tiger puffer liver,
the 20:4n-6 content was also significantly (P > 0:05)
increased by dietary cholesterol supplementation, but the
22:5n-3 content was significantly ðP < 0:05Þ decreased.

3.4. Biochemical Parameters in Serum, Live and Muscle. The
dietary cholesterol supplementation significantly affected the
biochemical parameters in serum including TC, FC, CE, TG,
HDL-C, LDL-C, TBA, and MDA (Table 8, Figure 1). For the
turbot trial, the concentration of all these parameters in the
serum was increased by dietary cholesterol supplementation.
However, for the tiger puffer serum, the changes were much
milder. The concentration of only LDL-C and TBA was
significantly (P < 0:05) increased by dietary cholesterol
supplementation in tiger puffer serum. There was even no
significant difference (P > 0:05) in the FC and HDL-C con-
centration among dietary groups of the tiger puffer trial.

In both species, dietary cholesterol inclusion did not sig-
nificantly (P > 0:05) influenced the TG, HDL-C, and TBA
contents in the liver, but significantly (P < 0:05) increased
the TC and LDL-C contents (Table 9 and Figure 1).

For turbot muscle, no significant difference (P > 0:05)
was observed in TC, HDL-C, and MDA among dietary
groups (Table 10). Group CHO-4 had significantly higher
LDL-C content than the control group and group CHO-2.
Group CHO-0.5 had significantly higher TG content than
group CHO-2. For tiger puffer muscle, group CHO-2 had
significantly lower TC and TG contents than the control
group, and other parameters such as HDL-C, LDL-C, and
MDA also had decreasing trends with increasing levels of
dietary cholesterol inclusion.

3.5. Lipid Metabolism–Related Gene Expression. The expres-
sion of key genes involved in lipid metabolism in fish liver is
presented in Table 11 and Figures 2 and 3. In both species,
dietary cholesterol supplementation substantially downregu-
lated the 3-hydroxy-3-methylglutaryl CoA reductase (HMG-
COAr) expression and linearly upregulated the cholesterol
7-alpha-monooxygenase (CYP7A1) expression (Figure 1).
For turbot, the HMG-COAr expression in the control group
was nearly 676-fold higher than that in group CHO-4,
although the corresponding change in tiger puffer was milder.
In both species, the expression of fatty acid synthase (FAS) in
the control group was nearly two-fold that in other groups.

For the turbot trial, with increasing levels of dietary cho-
lesterol supplementation, the transcription of monoglyceride
lipase (MGLL) increased firstly and decreased afterward.
The highest MGLL expression was observed in group
CHO-2, which was significantly (P < 0:05) higher compared
to the control group. The transcription of pancreatic lipase
(PL) and bile salt-activated lipase (BSAL) in the control group
was nearly two-fold that in group CHO-4. Group CHO-1 had
higher expression of peroxisome proliferator-activated

Table 3: Continued.

Primer Sequence (5′-3′) GenBank reference Product length (bp)

β-Actin-F GTAGGTGATGAAGCCCAGAGCA
MT023044.1 204

β-Actin-R CTGGGTCATCTTCTCCCTGT

FAS: fatty acid synthase; CPT1:carnitine O-palmitoyltransferase 1; GPAT: glycerol-3-phosphate acyltransferase; DGAT: diacylglycerol O-acyltransferase 1;
ATGL: adipose triacylglyceride lipase; HSL: hormone-sensitive lipase-like; DAGLα:diacylglycerol lipase, alpha; MGLL: monoglyceride lipase; PL: pancreatic
lipase; BSAL: bile salt-activated lipase; LPL: lipoprotein lipase; HL: hepatic lipase; Apo: apolipoprotein; PPAR: peroxisome proliferator-activated receptor;
SREBF1: sterol regulatory element-binding factor 1; HMG-COAr: 3-hydroxy-3-methylglutaryl CoA reductase; CYP7A1: cholesterol 7-alpha-monooxygenase.
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Table 4: Sequences of the primers used in this work of tiger puffer.

Primer Sequence (5′-3′) GenBank reference Product length (bp)

FAS-F CTTTGCCGCTGTCATTCG
XM_011619859.1 78

FAS-R TGTCTCAACCCATTTGTAGTCG

CPT1-F GGGGTTTGTGGTCAAGTTAGG
XM_011607269.1 186

CPT1-R ATAGATCCGTGGCGCTCAT

MOGAT-F AAAGGCTTCATTAAATTGGC
XM_003978609.3 223

MOGAT-R TGATGGCTTGTCTGTAGGG

GPAT-F CCCGTTCACAAATCCCACA
XM_011621885.1 235

GPAT-R GGCACAACAACTCCTCCGTAT

DGAT-F TGGTTTGTGAGCCGTTTCC
XM_003969352.2 185

DGAT-R CTGGCATTCGTTTGACTTCG

ATGL-F CCAACCTCTACAGGGTCTCA
XM_003967696.3 119

ATGL-R GTTTAGCAGCCCGTTCTTC

HSL-F CTCTTGCTATCGGTCTTGTGG
XM_011621066.1 113

HSL-R TTCTGGGTCAATGGCATACTT

DAGLα-F CTGTTGGTGGAGTTGGTGTATG
XM_011610175.1 72

DAGLα-R ATCAGAGCACGGCTGGTAAT

MGLL-F CCATCCAGTCAAAGTGGGTCT
XM_003963030.2 110

MGLL-R CATCAGCTGCATGCCGAA

PL-F CGTTTTCTCCTGTTCACCC
LOC101064949 97

PL-R GACTCGTCCTCATCCCACT

BSAL-F TTGAAGATGACTGACCCCGA
XM_003978375.2 162

BSAL-R GATGTCTGCTGCGTTGTGAA

LPL-F AGGGTCCACATCCGCAAA
NM_001305600.1 157

LPL-R GTTTCTCCTTGCGGCTCAT

HL-F GCGGCTTCAACAGCAGTAA
XM_011610357.1 215

HL-R GAGGTGCGCTATGTCTTTCC

ApoA1-F CGATGACGCCGAGTACAAA
AB183289.1 104

ApoA1-R CGGTTATGGGAGAAACGCTA

ApoA4-F TGCTTTCTGGGACTATGTTGC
NM_001078591.1 124

ApoA4-R GTTGACTTTGTCGGCACTCTC

ApoB100-F AGGGACATAGTCAAACCAAGGA
XM_011619944.1 127

ApoB100-R AGAACACGAAGGCTGGACAC

ApoEα-F TATTCAGACCCGCACCTCA
NM_001078592.1 201

ApoEα-R ATTTCCTCCATCTTGTCCTCC

PPARα1-F TCAGTAGTTTATGGGTTGGTGG
NM_001097630.1 119

PPARα1-R GCGTGGACTCCGTAGTGGTA

PPARα2-F CCAGAAGAAGAACCGCAACA
NM_001097629.1 149

PPARα2-R CCTCTTTCTCCACCATCTTGTT

PPARβ-F AGCTGGAATACGACCGATGT
AB275887.1 249

PPARβ-R TCTTCAGGTAGGCGGAGTTG

PPARγ-F CGCTGTCCCGACATCTGTAT
NM_001097627.1 146

PPARγ-R GAACTGCTCGCCTTCCATT

SREBF1-F TTTCAGCATCCCACCTTCC
XM_011603881.1 158

SREBF1-R GGTGAACCGTGAGGACAACTA

HMG-COAr-F GCTGCTGGCAATCAAGTACAT
XM_003974466.2 143

HMG-COAr-R AAACATACAACTCCTTCCTACAGC

CYP7A1-F CCTACCTGCTACCTTCTGGAGT
XM_003975521.2 237

CYP7A1-R TCCTCTTTGGCAACACGAA
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receptor γ (PPARγ) than the control group and group CHO-4.
The expression of sterol regulatory element-binding factor 1
(SREBF1) was significantly (P < 0:05) upregulated by dietary
cholesterol inclusion regardless of inclusion level.

For the tiger puffer trial, the glycerol-3-phosphate acyl-
transferase (GPAT) expression level in the control group
was higher compared to the cholesterol-supplemented
groups. The PPARα1 expression level in the cholesterol-
supplemented groups was significantly (P < 0:05) lower
compared to the control group. Group CHO-2 had the high-
est level of diacylglycerol lipase α (DAGLα) expression,
while group CHO-1 had the lowest level of LPL expression.

A series of lipid metabolism–related genes in both turbot
and tiger puffer showed no significant difference in expres-
sion among dietary groups (P > 0:05, Table 11).

4. Discussion

In the present study, when the basal diet contained 30%
fishmeal but no fish oil, compared to the control, dietary
cholesterol supplementation did not significantly affect the
growth of both turbot and tiger puffer. Considering that
the cholesterol in the basal diet was very low (0.11%), the
present result indicates that turbot and tiger puffer may have
a high capacity to biosynthesize cholesterol de novo. In other

Table 4: Continued.

Primer Sequence (5′-3′) GenBank reference Product length (bp)

EF1α-F TTGGAGGCATTGGAACTGT
NM_001037873.1 86

EF1α-R GTTGACGGGAGCAAAGGT

β-Actin-F CCAGAAAGACAGCTACGTTGG
U37499.1 147

β-Actin-R GCAACTCTCAGCTCGTTGTAG

FAS: fatty acid synthase; CPT1: carnitine O-palmitoyltransferase-1; MOGAT: monoacylglycerol O-acyltransferase 2; GPAT: glycerol-3-phosphate
acyltransferase; DGAT: diacylglycerol O-acyltransferase 1; ATGL: adipose triacylglyceride lipase; HSL: hormone-sensitive lipase-like; DAGLα:diacylglycerol
lipase, alpha; MGLL: monoglyceride lipase; PL: pancreatic lipase; BSAL: bile salt activated lipase; LPL: lipoprotein lipase; HL: hepatic lipase; Apo:
apolipoprotein; PPAR: peroxisome proliferator-activated receptor; SREBF1: sterol regulatory element-binding factor 1; HMG-COAr: 3-hydroxy-3-
methylglutaryl CoA reductase; CYP7A1: cholesterol 7-alpha-monooxygenase.

Table 5: Growth performance of experimental fish during the feeding period (mean± standard error).

Parameters Control CHO-0.5 CHO-1.0 CHO-2.0 CHO-4.0

Turbot

Initial weight g 20:66 ± 0:01 20:64 ± 0:01 20:64 ± 0:01 20:66 ± 0:01 20:66 ± 0:01
Final weight g 74:08 ± 1:08 72:11 ± 2:11 73:76 ± 3:06 75:33 ± 0:75 72:57 ± 1:11
Weight gain % 258:65 ± 5:30 249:30 ± 10:22 257:27 ± 14:94 264:69 ± 3:46 251:32 ± 5:53
Feed intake % 1:78 ± 0:03ab 1:80 ± 0:03a 1:79 ± 0:02ab 1:74 ± 0:02ab 1:72 ± 0:01b

Feed efficiency ratio 1:00 ± 0:01ab 0:97 ± 0:01b 1:00 ± 0:02ab 1:03 ± 0:01a 1:03 ± 0:01a

Survival % 97:78 ± 1:11 100:00 ± 0:00 100:00 ± 0:00 98:89 ± 1:11 100:00 ± 0:00
HSI % 1:66 ± 0:18 1:78 ± 0:19 2:03 ± 0:03 2:20 ± 0:36 1:67 ± 0:04
VSI % 4:26 ± 0:22b 4:69 ± 0:23ab 4:79 ± 0:03ab 5:02 ± 0:36a 4:53 ± 0:08ab

CF g/cm3 3:26 ± 0:14b 3:43 ± 0:08ab 3:41 ± 0:08ab 3:64 ± 0:07a 3:28 ± 0:08b

Tiger puffer

Initial weight g 11:52 ± 0:01 11:51 ± 0:02 11:50 ± 0:00 11:49 ± 0:01 11:50 ± 0:00
Final weight g 43:27 ± 1:00ab 43:16 ± 0:89ab 45:69 ± 2:06a 39:25 ± 1:71b 39:35 ± 1:05b

Weight gain % 275:50 ± 9:03ab 274:91 ± 8:12ab 297:26 ± 17:96a 241:61 ± 14:58b 242:18 ± 9:16b

Feed intake % 1:55 ± 0:02a 1:58 ± 0:06a 1:43 ± 0:07ab 1:28 ± 0:11bc 1:14 ± 0:03c

Feed efficiency ratio 0:95 ± 0:03ab 0:95 ± 0:02ab 0:99 ± 0:03a 0:88 ± 0:05b 0:87 ± 0:01b

Survival % 62:22 ± 2:94ab 70:00 ± 5:09a 58:89 ± 6:19ab 50:00 ± 6:94bc 41:11 ± 1:11c

HSI % 9:10 ± 0:32a 7:75 ± 0:22ab 8:87 ± 0:57a 8:13 ± 0:45ab 7:24 ± 0:38b

VSI % 15:13 ± 0:61 14:90 ± 0:52 16:41 ± 0:32 15:51 ± 1:45 14:29 ± 0:23
CF g/cm3 3:19 ± 0:12 3:18 ± 0:05 3:04 ± 0:10 3:22 ± 0:08 3:13 ± 0:12

Data in the same row not sharing a same superscript letter were significantly different (P < 0:05). VSI: viscerosomatic index; HSI: hepatosomatic index; CF:
condition factor.
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Figure 1: Regression analysis between dietary cholesterol supplementation (x) and feed intake, TC content in serum and liver, as well as the
hepatic gene expression of CYP7A1 (y) in experimental turbot ((a), (c), (e), and (g), respectively) and tiger puffer ((b), (d), (f), and (h),
respectively).
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studies with turbot, when soybean meal-based diets (con-
taining 14.5% fishmeal and 6% fish oil) were used, the sup-
plementation of 1% cholesterol (the measured level, 1.25%)
in the diet enhanced the growth performance [12, 13]. When
turbot were fed diets with defatted fishmeal (the inclusion
level, 65%), supplementation of 0.5-2% cholesterol (the mea-
sured level, 0.76-2.22%) in the diet also enhanced the growth
performance [17]. Similar growth-enhancing effects of dietary
cholesterol supplementation (1-2%) when plant protein-based
diets were used were observed in other fish species, such as chan-
nel catfish (fishmeal, 0%; the supplemented cholesterol level, 1%)
[10], Japanese flounder (fishmeal, 0%; the supplemented and
measured cholesterol level, 1% and 1.2%, respectively) [11], Nile
tilapia (fishmeal, 16.5%; the supplemented cholesterol level, 2%)
[14], and rainbow trout (fishmeal, 19-32%; the supplemented
andmeasured cholesterol level, 0.9-1.2% and 1.30-1.68%, respec-
tively) [15, 16]. These studies indicate that if there are extremely
low cholesterol levels in the diets, the dietary supplementation is
necessary. The requirement of exogenous cholesterol should be
considered when the fishmeal and fish oil levels are reduced to
a certain low level.

Although compared to the control group dietary choles-
terol supplementation also had no significant effect on the
growth of tiger puffer, dietary cholesterol supplementation at
1% (themeasured level, 1.10%) led to higher growth compared
to groups with excess (2% and 4%) dietary cholesterol supple-
mentation (the measured level, 2.32% and 4.59%). These

results indicate the effects of dietary cholesterol supplementa-
tion could also be species-specific, namely, different between
turbot and tiger puffer. In hybrid striped bass, despite that
defatted fishmeal (58.3%) was used in the diet, the dietary cho-
lesterol supplementation had no effect on fish growth [9]. Sig-
nificant effects of dietary cholesterol supplementation (the
supplemented and measured level, 1-1.5% and 1.38-1.57%,
respectively) were also not observed in Atlantic salmon
whether 60% fishmeal or 19% soy protein concentrate was
used in the diet [8, 19].

The growth results in tiger puffer also suggested that
excess dietary cholesterol supplementation may have adverse
effects on fish. In both turbot and tiger puffer trials, dietary
cholesterol supplementation linearly reduced the feed intake.
However, other studies showed that when the diets contained
high levels of soybean meal (42% for turbot, 55.5% for channel
catfish), the dietary cholesterol supplementation at 1%
increased the feed intake [10, 12], although very high levels
of dietary cholesterol (fishmeal, 14.5%; the measured choles-
terol level, 1.78%) reduced the feed intake [12]. Different from
these studies, when 27.5% fishmeal and 42.9% soybean meal
were used in the diets, 1% dietary cholesterol (the measured
level, 1.36%) did not affect the feed intake of grouper [18].
The effects of dietary cholesterol supplementation on feed
intake of fish could be closely related to basic dietary formula-
tion and could also be related to fish species. Deng et al. [11]
reported that dietary cholesterol supplementation at 1% (the

Table 6: Body composition of experimental fish fed with diets containing different cholesterol levels (% wet weight).

Parameters Control CHO-0.5 CHO-1.0 CHO-2.0 CHO-4.0

Turbot

Whole fish

Moisture 76:19 ± 0:34ab 76:88 ± 0:06a 75:65 ± 0:32b 76:17 ± 0:22ab 76:43 ± 0:20ab

Crude protein 15:41 ± 0:22 15:28 ± 0:05 15:54 ± 0:22 15:30 ± 0:12 15:61 ± 0:09
Crude lipid 3:73 ± 0:21ab 3:06 ± 0:08b 4:10 ± 0:35a 3:75 ± 0:18ab 3:31 ± 0:09b

Ash 3:55 ± 0:01 3:62 ± 0:03 3:59 ± 0:11 3:55 ± 0:06 3:68 ± 0:08
Muscle

Crude lipid 0:72 ± 0:02b 0:88 ± 0:03a 0:76 ± 0:02ab 0:79 ± 0:05ab 0:84 ± 0:05ab

Liver

Crude lipid 28:65 ± 1:26a 25:44 ± 1:69ab 27:82 ± 0:31ab 25:31 ± 0:53ab 24:57 ± 1:19b

SAT

Crude lipid 5:04 ± 0:44ab 6:06 ± 0:26a 6:34 ± 0:73a 5:90 ± 0:49a 3:92 ± 0:55b

Tiger puffer

Whole fish

Moisture 77:29 ± 0:21 78:11 ± 0:55 77:93 ± 0:71 78:15 ± 0:62 78:42 ± 0:28
Crude protein 15:34 ± 0:21 15:01 ± 0:23 14:90 ± 0:31 14:74 ± 0:38 14:73 ± 0:15
Crude lipid 4:37 ± 0:08 4:42 ± 0:41 4:54 ± 0:28 4:28 ± 0:07 4:63 ± 0:14
Ash 2:43 ± 0:02a 2:35 ± 0:04ab 2:32 ± 0:02ab 2:38 ± 0:05ab 2:30 ± 0:05b

Muscle

Crude lipid 0:83 ± 0:04ab 0:93 ± 0:03a 0:83 ± 0:02ab 0:81 ± 0:02b 0:91 ± 0:05ab

Liver

Crude lipid 53:64 ± 0:96 52:84 ± 1:21 50:51 ± 2:85 51:08 ± 0:67 51:93 ± 1:81
Data in the same row not sharing a same superscript letter were significantly different (P < 0:05). SAT: subcutaneous adipose tissue around the fin.
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measured level, 1-1.2%) reduced the feed intake of Japanese
flounder when the diet was based on fish protein concentrate,
increased the feed intake in the soy protein isolate group (fish-

meal, 0%), whereas did not affect the feed intake in the soy
protein concentrate group (fishmeal, 0%).

The effects of dietary cholesterol supplementation on the
proximate composition of fish whole body were also

Table 7: Effects of dietary cholesterol level on liver fatty acid composition of experimental fish (% total fatty acids, mean± standard error).

Fatty acid Control CHO-0.5 CHO-1.0 CHO-2.0 CHO-4.0

Turbot

14 : 0 2:81 ± 0:13b 3:74 ± 0:28a 3:28 ± 0:17ab 3:38 ± 0:15ab 2:99 ± 0:10b

16 : 0 14:72 ± 0:22 15:18 ± 0:20 15:20 ± 0:28 14:79 ± 0:33 15:09 ± 0:25
18 : 0 3:48 ± 0:12a 2:59 ± 0:28b 2:48 ± 0:17b 2:63 ± 0:06b 2:69 ± 0:22b

∑SFA 21:71 ± 0:22 22:08 ± 0:58 21:64 ± 0:43 21:38 ± 0:35 21:45 ± 0:09
16:1n-7 3:43 ± 0:07c 4:24 ± 0:06a 4:12 ± 0:12ab 4:11 ± 0:10ab 3:94 ± 0:04b

18:1n-9 29:34 ± 0:97 28:84 ± 0:85 28:45 ± 0:35 29:43 ± 0:37 29:37 ± 1:12
20:1n-9 1:07 ± 0:14 0:94 ± 0:07 0:88 ± 0:02 1:03 ± 0:13 0:90 ± 0:06
∑MUFA 34:39 ± 1:12 34:53 ± 0:84 33:96 ± 0:26 35:11 ± 0:44 34:78 ± 1:15
18:2n-6 22:33 ± 0:72 21:74 ± 1:00 22:54 ± 0:28 21:51 ± 0:41 22:35 ± 0:65
20:2n-6 1:80 ± 0:23 1:51 ± 0:12 1:43 ± 0:06 1:70 ± 0:26 1:55 ± 0:13
20:4n-6 0:24 ± 0:01c 0:35 ± 0:04bc 0:45 ± 0:04ab 0:47 ± 0:04ab 0:54 ± 0:08a

∑n-6PUFA 24:89 ± 0:47 24:10 ± 0:96 24:95 ± 0:28 24:24 ± 0:18 24:97 ± 0:66
18:3n-3 10:44 ± 0:72 11:38 ± 0:50 11:54 ± 0:30 10:82 ± 0:43 10:72 ± 0:32
20:5n-3 2:97 ± 0:28 2:83 ± 0:05 2:89 ± 0:13 2:89 ± 0:09 2:85 ± 0:26
22:5n-3 1:45 ± 0:07 1:24 ± 0:03 1:24 ± 0:03 1:37 ± 0:09 1:29 ± 0:08
22:6n-3 2:23 ± 0:10 1:99 ± 0:04 2:08 ± 0:06 2:15 ± 0:05 2:09 ± 0:16
∑n-3PUFA 19:02 ± 0:77 19:29 ± 0:44 19:45 ± 0:24 19:27 ± 0:09 18:80 ± 0:59
n-3/n-6 0:76 ± 0:02ab 0:80 ± 0:01a 0:78 ± 0:01ab 0:80 ± 0:01a 0:75 ± 0:01b

Tiger puffer

14 : 0 1:70 ± 0:09 1:82 ± 0:03 1:80 ± 0:08 1:72 ± 0:03 1:73 ± 0:02
16 : 0 17:17 ± 0:49 17:76 ± 0:31 17:95 ± 0:58 17:51 ± 0:52 17:92 ± 0:68
18 : 0 9:57 ± 0:27 8:80 ± 0:54 8:64 ± 0:92 9:56 ± 0:30 8:87 ± 0:04
∑SFA 29:19 ± 0:74 29:26 ± 0:76 29:29 ± 0:46 29:71 ± 0:79 29:41 ± 0:58
16:1n-7 4:80 ± 0:12 4:87 ± 0:24 4:92 ± 0:32 4:88 ± 0:17 4:74 ± 0:25
18:1n-9 29:69 ± 0:35 30:05 ± 0:49 30:38 ± 0:28 29:87 ± 0:41 29:83 ± 0:18
20:1n-9 1:44 ± 0:10 1:35 ± 0:07 1:35 ± 0:06 1:53 ± 0:02 1:38 ± 0:04
∑MUFA 36:22 ± 0:26 36:56 ± 0:20 36:94 ± 0:15 36:6 ± 0:60 36:25 ± 0:26
18:2n-6 16:90 ± 0:46 16:74 ± 0:38 16:58 ± 0:27 16:57 ± 0:56 16:99 ± 0:41
20:2n-6 0:91 ± 0:06 0:84 ± 0:04 0:82 ± 0:02 0:88 ± 0:03 0:86 ± 0:02
20:4n-6 0:23 ± 0:01b 0:25 ± 0:02ab 0:27 ± 0:02ab 0:30 ± 0:00a 0:28 ± 0:01a

∑n-6PUFA 18:48 ± 0:53 18:28 ± 0:44 18:11 ± 0:26 18:18 ± 0:58 18:6 ± 0:41
18:3n-3 9:33 ± 0:18 9:22 ± 0:20 9:26 ± 0:32 8:79 ± 0:50 9:01 ± 0:20
20:5n-3 1:84 ± 0:07 1:94 ± 0:09 1:83 ± 0:10 1:94 ± 0:14 1:92 ± 0:08
22:5n-3 2:16 ± 0:04a 1:92 ± 0:07b 1:85 ± 0:02b 1:87 ± 0:07b 1:95 ± 0:01b

22:6n-3 2:03 ± 0:08 2:14 ± 0:13 2:03 ± 0:10 2:23 ± 0:07 2:18 ± 0:06
∑n-3PUFA 16:11 ± 0:39 15:90 ± 0:46 15:65 ± 0:33 15:51 ± 0:80 15:75 ± 0:33
n-3/n-6 0:87 ± 0:01 0:87 ± 0:00 0:86 ± 0:01 0:85 ± 0:02 0:85 ± 0:01

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids. In addition to the fatty acids listed in the table, total fatty
acids include 12 : 0, 13 : 0, 15 : 0, 17 : 0, 20 : 0, 21 : 0, 22 : 0, 14:1n-5, 15:1n-5, 17:1n-7, 221n-9, 18:3n-6, 20:3n-6, 22:2n-6, and 20:3n-3. Data in the same row not
sharing a superscript were significantly (P < 0:05) different.
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inconsistent among different studies. The effects on both tur-
bot and tiger puffer were mild except that 4% dietary choles-
terol (the measured level, 4.59%) significantly reduced the
ash content in tiger puffer. In Nile tilapia, 1% or 2% dietary
cholesterol supplementation (fishmeal, 30.2% or 16.5%)
increased the crude protein content in the whole fish body
[14]. This phenomenon was neither observed in the present

study, nor observed in other studies with turbot or rainbow
trout [13, 15–17].

In both turbot and tiger puffer, 0.5% dietary cholesterol
supplementation (the measured level, 0.65%) increased the
lipid content in the muscle. Similarly, dietary cholesterol
supplementation at 0.6-1.5% (the measured level, 1.03-
1.83%) increased the muscle lipid content in rainbow trout

Table 8: Serum biochemical parameters of experimental fish fed with diets containing different cholesterol levels.

Parameters Control CHO-0.5 CHO-1.0 CHO-2.0 CHO-4.0

Turbot

TC (mmol/L) 1:10 ± 0:14c 2:85 ± 0:38b 4:00 ± 0:46ab 3:91 ± 0:43ab 4:22 ± 0:44a

FC (mmol/L) 0:61 ± 0:03c 0:82 ± 0:06bc 1:10 ± 0:18ab 1:28 ± 0:08a 1:23 ± 0:13a

CE (mmol/L) 0:50 ± 0:11b 2:04 ± 0:32a 2:90 ± 0:29a 2:64 ± 0:36a 2:99 ± 0:47a

TG (mmol/L) 0:38 ± 0:13b 0:64 ± 0:11ab 0:37 ± 0:08b 0:71 ± 0:12ab 0:83 ± 0:07a

HDL-C (mmol/L) 0:20 ± 0:01c 0:61 ± 0:01b 0:85 ± 0:10ab 1:01 ± 0:14a 1:07 ± 0:19a

LDL-C (mmol/L) 1:00 ± 0:08b 2:04 ± 0:19b 3:31 ± 0:33a 4:24 ± 0:36a 4:40 ± 0:59a

TBA (umol/L) 1:68 ± 0:43 1:66 ± 0:05 2:11 ± 0:20 2:05 ± 0:48 2:45 ± 0:35
MDA (nmol/ml) 5:43 ± 1:40 7:13 ± 0:55 13:16 ± 3:04 14:12 ± 1:37 13:79 ± 4:02

Tiger puffer

TC (mmol/L) 1:59 ± 0:06ab 1:64 ± 0:10ab 1:92 ± 0:19ab 2:00 ± 0:18a 1:54 ± 0:05b

FC (mmol/L) 0:42 ± 0:01 0:48 ± 0:05 0:47 ± 0:05 0:40 ± 0:05 0:49 ± 0:09
CE (mmol/L) 1:17 ± 0:07b 1:16 ± 0:09b 1:45 ± 0:13ab 1:60 ± 0:22a 1:05 ± 0:04b

TG (mmol/L) 0:32 ± 0:02ab 0:27 ± 0:01b 0:41 ± 0:05a 0:33 ± 0:03ab 0:29 ± 0:03b

HDL-C (mmol/L) 1:01 ± 0:24 0:92 ± 0:30 1:02 ± 0:21 1:37 ± 0:44 0:94 ± 0:35
LDL-C (mmol/L) 0:77 ± 0:20b 1:08 ± 0:25ab 0:96 ± 0:18ab 1:08 ± 0:18ab 1:49 ± 0:10a

TBA (umol/L) 1:38 ± 0:07b 1:76 ± 0:19ab 1:70 ± 0:11ab 2:05 ± 0:25a 2:12 ± 0:11a

MDA (nmol/ml) 5:54 ± 0:48ab 5:61 ± 0:30ab 4:74 ± 0:12b 5:54 ± 0:23ab 6:54 ± 0:46a

Data in the same row not sharing a same superscript letter were significantly different (P < 0:05). TC: total cholesterol; FC: free cholesterol; CE: cholesterol
esters; TG: triglyceride; TBA: total bile acid; MDA: malondialdehyde.

Table 9: Lipid-related biochemical parameters in liver of experimental fish fed with diets containing different cholesterol levels.

Parameters Control CHO-0.5 CHO-1.0 CHO-2.0 CHO-4.0

Turbot

TC (umol/g tissue) 3:85 ± 0:27b 5:09 ± 0:22b 8:51 ± 1:46a 10:41 ± 0:94a 9:56 ± 0:73a

TG (mmol/g tissue) 0:26 ± 0:00 0:25 ± 0:01 0:26 ± 0:01 0:27 ± 0:01 0:23 ± 0:01
HDL-C (umol/g tissue) 2:27 ± 0:60 2:74 ± 0:26 2:96 ± 0:93 3:14 ± 0:63 2:65 ± 0:19
LDL-C (umol/g tissue) 1:51 ± 0:34c 2:22 ± 0:05bc 4:72 ± 1:16ab 5:46 ± 1:26a 5:18 ± 0:43a

TBA (mmol/L) 0:50 ± 0:04 0:79 ± 0:16 0:55 ± 0:23 0:50 ± 0:11 0:48 ± 0:09
MDA (nmol/mgprot) 8:87 ± 3:88 12:76 ± 4:77 12:08 ± 1:85 3:65 ± 1:12 7:01 ± 2:42

Tiger puffer

TC (umol/g tissue) 6:43 ± 0:21c 8:28 ± 0:99bc 10:0 ± 0:94ab 11:63 ± 1:05a 11:30 ± 0:40a

TG (mmol/g tissue) 0:18 ± 0:02 0:15 ± 0:02 0:17 ± 0:00 0:18 ± 0:01 0:18 ± 0:02
HDL-C (umol/g tissue) 4:37 ± 1:16 5:52 ± 0:47 7:49 ± 1:50 6:23 ± 0:59 5:01 ± 0:47
LDL-C (umol/g tissue) 2:56 ± 0:09c 3:66 ± 0:43bc 4:64 ± 0:61ab 5:86 ± 0:37a 6:08 ± 0:60a

TBA (mmol/L) 0:07 ± 0:02 0:04 ± 0:01 0:05 ± 0:01 0:06 ± 0:01 0:09 ± 0:05
MDA (nmol/mgprot) 60:25 ± 20:34 48:34 ± 10:54 35:45 ± 2:53 50:89 ± 12:88 41:62 ± 12:51

Data in the same row not sharing a same superscript letter were significantly different (P < 0:05). TC: total cholesterol; TG: triglyceride; TBA: total bile acid.
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[15, 16]. In contrast to the muscle lipid content, the lipid
content in the liver of both turbot and tiger puffer tended
to be decreased by dietary cholesterol supplementation.
The decrease of liver lipid content by 1% dietary cholesterol
supplementation was also observed in Japanese flounder
(fishmeal, 65%; the measured cholesterol level, 1.4%) and
hybrid striped bass (defatted fishmeal, 58.3%) [9, 11]. How-
ever, in Japanese flounder or rainbow trout fed diets based
on plant protein, the dietary cholesterol supplementation
increased the liver lipid content [11, 15, 16].

It has been widely accepted that the fatty acid profile in
fish closely reflected that of the diets [34]. Since the fatty acid
composition was very similar among the present experimen-
tal diets, the change in fish fatty acid composition among
groups could be mainly attributed to dietary cholesterol
supplementation. In the present study, a most interesting
finding was that the dietary cholesterol supplementation
increased the hepatic ARA content in both species. Based
on the present information, it was really difficult to explain
this result. Other results, such as the increase of 14 : 0 and
16:1n-7 but decrease of 18 : 0 in turbot liver, as well as the
decrease of 22:5n-3 in tiger puffer liver by dietary cholesterol
supplementation were difficult to explain too. Studies on
Atlantic salmon showed that dietary cholesterol supplemen-
tation (fishmeal, 60%; the supplemented and measured
cholesterol level, 1% and 1.38%, respectively) increased the
contents of 18:1n-9 and 20:1n-9 in the liver [8]. No study
has investigated the mechanisms involved in the response
of fish fatty acid composition to dietary cholesterol supple-
mentation, and future studies are warranted.

The cholesterol-enriched diets resulted in remarkable
changes in the lipid-related biochemical parameters in the serum
of both species, which also has been observed in other studies
[11–13, 15–18]. Nevertheless, this change was more drastic in
turbot compared to tiger puffer. For example, there was a maxi-
mum 4-fold change in the serum TC concentration in turbot in
response to dietary cholesterol supplementation, but the corre-

sponding maximum change in tiger puffer was only 1.3 fold.
Similar discrepancy was observed for the serum MDA concen-
tration. In addition, it was noteworthy that the dietary cholesterol
increased the MDA content in turbot serum, indicating that
excess dietary cholesterol may exacerbate the lipid peroxidation
in fish.

For the lipid-related biochemical parameters in the liver,
unexpectedly only the concentration of TC and LDL-C was
increased by dietary cholesterol supplementation, suggesting
that other parameters such as TG, HDL-C, and TBA could
have a self-regulating capacity, in order to prevent large fluc-
tuations. The comparison between turbot and tiger puffer
also indicates higher buffering capacity in tiger puffer com-
pared to turbot. This could be due to that tiger puffer store
lipid predominantly in the liver.

The changes of lipid-related biochemical parameters in
the muscle were much milder than those in the liver. This
could be due to that in both turbot and tiger puffer, the lipid
content in the muscle is very low. In rainbow trout, dietary
cholesterol supplementation (fishmeal, 19-32%; the supple-
mented and measured cholesterol level, 0.3-1.5% and 0.68-
1.83%, respectively) increased the muscle TG concentration
[15, 16], whereas in hybrid striped bass (fishmeal 58.3%;
the supplemented cholesterol level, 1%), no such effect was
found [9]. These discrepancies could be mainly related to
the basal muscle lipid content. In tiger puffer, the lipid-
related biochemical parameters even tended to decrease in
response to dietary cholesterol supplementation. The muscle
lipid content in tiger puffer was even lower compared to tur-
bot [20]. The decrease of muscle lipid content in tiger puffer
could be related to the inhibition of dietary cholesterol sup-
plementation on basic lipid metabolism.

The liver plays a pivotal role in cholesterol homeostasis,
as it is involved in the cholesterol biosynthesis pathway and
degradation through conversion into bile acids [35]. That is
why in the present study, the qRT-PCR studies were con-
ducted with liver samples. It was widely demonstrated that

Table 10: Lipid-related biochemical parameters in the muscle of experimental fish fed with diets containing different cholesterol levels.

Parameters Control CHO-0.5 CHO-1.0 CHO-2.0 CHO-4.0

Turbot

TC (umol/g tissue) 1:49 ± 0:26 1:71 ± 0:25 1:59 ± 0:06 1:63 ± 0:23 2:00 ± 0:20
TG (umol/g tissue) 1:88 ± 0:13ab 2:36 ± 0:30a 1:96 ± 0:09ab 1:76 ± 0:11b 1:95 ± 0:13ab

HDL-C (umol/g tissue) 0:40 ± 0:05 0:45 ± 0:03 0:22 ± 0:12 0:41 ± 0:11 0:31 ± 0:09
LDL-C (umol/g tissue) 0:96 ± 0:02b 1:07 ± 0:10ab 1:09 ± 0:02ab 0:98 ± 0:08b 1:28 ± 0:09a

MDA (nmol/mgprot) 1:06 ± 0:02 1:08 ± 0:06 1:17 ± 0:09 1:07 ± 0:10 1:19 ± 0:14
Tiger puffer

TC (umol/g tissue) 2:32 ± 0:24a 2:03 ± 0:08ab 1:93 ± 0:04ab 1:84 ± 0:11b 2:34 ± 0:09a

TG (umol/g tissue) 3:14 ± 0:42a 2:69 ± 0:16ab 2:60 ± 0:13ab 2:21 ± 0:15b 2:46 ± 0:30ab

HDL-C (umol/g tissue) 0:37 ± 0:06 0:58 ± 0:05 0:55 ± 0:16 0:30 ± 0:05 0:30 ± 0:09
LDL-C (umol/g tissue) 1:04 ± 0:16 1:01 ± 0:08 1:04 ± 0:10 0:77 ± 0:08 0:72 ± 0:09
MDA (nmol/mgprot) 1:01 ± 0:25 0:63 ± 0:12 0:65 ± 0:03 0:83 ± 0:17 1:02 ± 0:14

Data in the same row not sharing a same superscript letter were significantly different (P < 0:05). TC: total cholesterol; TG: triglyceride; MDA:
malondialdehyde.

13Aquaculture Nutrition



dietary cholesterol could inhibit the cholesterol biosynthesis
and enhance the bile acid biosynthesis [12, 16–18]. This was
also evidenced by the present results. In both species, dietary
cholesterol supplementation substantially downregulated the
hepatic gene expression of HMG-COAr, which is a key
enzyme mediating cholesterol biosynthesis [36], and sub-
stantially upregulated that of CYP7A1, which is the limiting
enzyme in bile acid biosynthesis [37]. Interestingly, the
changes in turbot were much more drastic compared to tiger

puffer (maximum 676-fold change vs 16-fold change,
respectively). This indicates again that the cholesterol
homeostasis in tiger puffer has high buffering capacity com-
pared to turbot.

Dietary cholesterol supplementation also downregulated
the hepatic gene expression of PL and BSAL, which are impor-
tant enzymes in intestinal lipid absorption [38, 39], in turbot.
In tiger puffer, dietary cholesterol supplementation downreg-
ulated the hepatic gene expression of GPAT, which plays an

Table 11: Relative mRNA expression of genes related to lipid metabolism in the liver of experimental fish, which were not significantly
affected by experimental diets (mean± standard error).

Parameters Control CHO-0.5 CHO-1.0 CHO-2.0 CHO-4.0

Turbot

FAS 1:00 ± 0:25 0:50 ± 0:17 0:51 ± 0:12 0:52 ± 0:16 0:56 ± 0:04
CPT1 1:00 ± 0:10 1:28 ± 0:07 1:30 ± 0:14 1:13 ± 0:16 0:94 ± 0:14
GPAT 1:00 ± 0:16 1:26 ± 0:35 1:33 ± 0:09 1:52 ± 0:16 1:35 ± 0:13
DGAT 1:00 ± 0:13 1:15 ± 0:13 1:28 ± 0:16 1:18 ± 0:11 1:06 ± 0:16
ATGL 1:00 ± 0:19 0:25 ± 0:14 0:76 ± 0:42 0:90 ± 0:16 1:00 ± 0:27
DAGLα 1:00 ± 0:34 1:03 ± 0:04 1:12 ± 0:13 1:12 ± 0:23 1:17 ± 0:24
PL 1:00 ± 0:37 1:38 ± 0:41 0:37 ± 0:06 1:12 ± 0:39 0:36 ± 0:11
LPL 1:00 ± 0:15 0:81 ± 0:08 0:74 ± 0:18 0:69 ± 0:06 0:68 ± 0:13
HL 1:00 ± 0:09 0:81 ± 0:07 0:96 ± 0:09 0:89 ± 0:06 0:91 ± 0:06
ApoA1 1:00 ± 0:08 1:10 ± 0:15 1:54 ± 0:35 1:17 ± 0:06 1:16 ± 0:28
ApoA4 1:00 ± 0:39 0:48 ± 0:04 2:06 ± 1:20 0:35 ± 0:03 0:79 ± 0:42
ApoB100 1:00 ± 0:03 1:36 ± 0:17 1:34 ± 0:08 1:24 ± 0:07 1:21 ± 0:15
ApoEα 1:00 ± 0:25 0:87 ± 0:13 1:14 ± 0:57 0:78 ± 0:23 0:69 ± 0:36
PPARα1 1:00 ± 0:17 1:49 ± 0:34 1:94 ± 0:44 1:98 ± 0:41 1:17 ± 0:27
PPARβ 1:00 ± 0:12 0:86 ± 0:07 0:90 ± 0:03 0:98 ± 0:19 0:96 ± 0:14

Tiger puffer

FAS 1:00 ± 0:23 0:75 ± 0:09 0:56 ± 0:10 0:74 ± 0:07 0:58 ± 0:10
CPT1 1:00 ± 0:25 1:22 ± 0:13 1:02 ± 0:14 0:96 ± 0:06 0:97 ± 0:12
MOGAT 1:00 ± 0:10 0:79 ± 0:05 0:75 ± 0:14 0:71 ± 0:12 1:05 ± 0:10
DGAT 1:00 ± 0:12 1:01 ± 0:08 0:95 ± 0:06 1:05 ± 0:04 1:25 ± 0:22
ATGL 1:00 ± 0:23 0:96 ± 0:12 1:09 ± 0:17 0:98 ± 0:33 1:48 ± 0:41
HSL 1:00 ± 0:29 1:03 ± 0:26 0:75 ± 0:18 0:58 ± 0:07 1:35 ± 0:33
MGLL 1:00 ± 0:29 1:14 ± 0:05 1:25 ± 0:14 1:06 ± 0:35 1:31 ± 0:33
PL 1:00 ± 0:11 0:99 ± 0:15 1:16 ± 0:10 0:94 ± 0:16 1:17 ± 0:18
BSAL 1:00 ± 0:26 0:84 ± 0:12 0:83 ± 0:17 0:74 ± 0:13 1:05 ± 0:16
HL 1:00 ± 0:03 1:00 ± 0:07 0:92 ± 0:03 0:82 ± 0:15 1:06 ± 0:04
ApoA4 1:00 ± 0:16 0:84 ± 0:30 0:62 ± 0:10 0:59 ± 0:27 0:58 ± 0:18
ApoB100 1:00 ± 0:11 1:16 ± 0:06 1:00 ± 0:07 0:99 ± 0:14 1:04 ± 0:09
ApoEα 1:00 ± 0:20 1:25 ± 0:44 0:81 ± 0:21 0:80 ± 0:07 0:75 ± 0:15
PPARα2 1:00 ± 0:08 1:09 ± 0:06 0:92 ± 0:04 1:01 ± 0:04 0:92 ± 0:09
PPARβ 1:00 ± 0:06 1:31 ± 0:28 1:04 ± 0:21 0:87 ± 0:08 1:04 ± 0:24
PPARγ 1:00 ± 0:12 1:03 ± 0:21 1:09 ± 0:12 1:16 ± 0:07 0:85 ± 0:10
SREBF1 1:00 ± 0:10 0:92 ± 0:10 0:77 ± 0:09 0:95 ± 0:08 0:73 ± 0:10
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important role in diacylglycerol (DAG) biosynthesis in intes-
tine [40]. These results could partly explain the reduction of
liver lipid content by dietary cholesterol supplementation.
This reduction could also be explained by the downregulation
of hepatic gene expression of FAS, which is a key enzyme in de
novo biosynthesis of fatty acids [41, 42], as well as the upreg-
ulation of MGLL, which converts monoacylglycerides to free
fatty acids and glycerol, for β-oxidation [43], by dietary
cholesterol supplementation. The upregulation of hepatic gene
expression of PPARα1, which is a transcription regulator
closely related to lipogenesis [44], by dietary cholesterol sup-
plementation was also in agreement with the reduction of liver
lipid content. However, the upregulation of gene expression of
PPAR-γ, which is a regulator of adipocyte differentiation, and
SREBF-1, which is a regulator of fatty acid/lipid and choles-
terol biosynthetic genes [45], by dietary cholesterol supple-

mentation was difficult to explain. Besides, cholesterol is an
important component of lipoproteins. Therefore, dietary cho-
lesterol supplementation was expected to affect the gene
expression of apolipoproteins. However, this was not observed
in the present study. The precise mechanisms involved in the
regulation of lipid metabolism by dietary cholesterol need to
be elucidated by future studies.

5. Conclusions

In conclusion, when the diets contained 30% fishmeal and
no fish oil, compared to the control group, dietary 0.5-4%
cholesterol supplementation (the measured level, 0.65-
4.59%) exerted no significant effects on the growth of both
turbot and tiger puffer. Greater than 1% dietary cholesterol
supplementation (the measured level, >1.10%) could reduce
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Figure 2: Effects of dietary cholesterol supplementation on the mRNA expression of genes related to lipid metabolism in the liver of
experimental turbot (mean± standard error). Data bars not sharing a same superscript letter were significantly different (P < 0:05).
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the feed intake in both species. Dietary cholesterol supple-
mentation influenced the lipid contents and the lipid-
related biochemical parameters in fish tissues and increased
the hepatic 20:4n-6 content. Compared to turbot, tiger
puffer lipid compositions had a higher buffering capacity
in response to changes in dietary cholesterol level. Based
on the lipid content and the expression of lipid metabolic
genes in the liver, it appeared that increasing dietary choles-
terol levels tended to decrease the lipid absorption and
biosynthesis.
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Figure 3: Effects of dietary cholesterol supplementation on the mRNA expression of genes related to lipid metabolism in the liver of
experimental tiger puffer (mean± standard error). Data bars not sharing a same superscript letter were significantly different (P < 0:05).
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