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A B S T R A C T

The present study was conducted to investigate the effects of dietary bile acid (BA) on the growth performance,
body composition, antioxidant responses and expression of lipid metabolism-related genes of juvenile large
yellow croaker (Larimichthys crocea) (average weight, 12.00 ± 0.20 g). An optimal lipid diet formulated with
4.0% fish oil and 4.0% soybean oil was set as the positive control diet (MO), while a high-lipid diet formulated
with 6.5% fish oil and 6.5% soybean oil was used as the negative control diet (HO). The other three diets were
supplemented with 150 (HOB150), 300 (HOB300) and 450 mg/kg (HOB450) BA on the basis of the negative
control diet. The results showed that the survival rate (SR) was not significantly different among dietary
treatments (P > 0. 05). Compared with the positive control, there were no significant differences in final body
weight (FBW) and weight gain rate (WGR) among fish fed diets with high lipid contents. With increasing sup-
plementation of BA in diets, the FBW and WGR gradually increased. Compared with the negative control, fish fed
the diet with 300 mg/kg BA had significantly higher FBW and WGR (P < .05). The liver lipid content and liver
malondialdehyde (MDA) content significantly decreased with increasing dietary BA (P < .05). In fish fed diets
with 300 mg/kg-450 mg/kg BA, the activities of lipoprotein lipase (LPL) and hepatic lipase (HL) were sig-
nificantly increased (P < .05). The sterol regulatory element binding protein-1 (SREBP-1) mRNA expression
levels in the liver significantly decreased with increasing dietary BA (P < .05). Furthermore, increasing dietary
BA from 150 mg/kg to 450 mg/kg significantly improved the mRNA expression levels of peroxisome proliferator
activated receptor α (PPARα), carnitine palmitoyltransferase 1 (CPT1) and acyl-CoA oxidase (ACO) in the liver
(P < .05). These results suggested that dietary BA supplementation could improve the digestion and absorption
capacity of lipids, which might be the reason for the improvement in the growth performance of large yellow
croaker.

1. Introduction

Dietary lipids play an important role in fish feed as the main source
of energy and essential fatty acids (Sheridan, 1988). Many previous
studies have shown that high-lipid diets can increase fish growth
(Boujard et al., 2004; Martins et al., 2007). High lipid diets has been
increasingly used for cost-effective farming and protein sparing effect in

aquaculture in recent years, indicating that may be more helpful for
improving protein utilization and maximizing nitrogen retention in fish
(Boujard et al., 2004). Long-term feeding with a high-lipid diet may
results in disturbance of lipid metabolism, thus affecting growth and
physiological, which is very harmful to farmed fish (Jantrarotai et al.,
1994; Lee et al., 2002; Tibbetts et al., 2015). While BA can reduce
abnormal lipid deposition and promote healthy growth by improving
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lipid metabolism (Goodwin et al., 2000; Pedro et al., 2009; Li and Apte,
2015).

Bile acid (BA) is one of the main components of bile (Einarsson
et al., 1991) and is also a natural emulsifier (Alrefai and Gill, 2007).
Previous studies in mammals have shown that BA can effectively
emulsify lipids to form small chylous particles, which can expand the
contact surface between lipids and lipase to accelerate the metabolism
of lipids in vivo (Kullak-Ublick et al., 2004; Russell, 2009; Li and Apte,
2015). Meanwhile, BA can be combined with glyceride fatty acids to
form a water-soluble complex so that lipids can be used efficiently to
improve feed efficiency (Einarsson et al., 1991). At the same time, BA
was shown to maintain cholesterol homeostasis in the body (Goodwin
et al., 2000, Pedro et al., 2009, Wang and Eckel, 2009, Zidong Donna
et al., 2014). The mechanism of lipid metabolism in fish is still unclear;
however, lipid digestion, absorption, and transport in fish is similar to
that in mammals (Tocher, 2003). Given the functional properties of BA
and studies in mammals, BA may play an important role in the lipid
metabolism of fish. Maybe BA can solve the series of adverse effects
caused by fish's high lipid diet.

The purpose of this study was to investigate the effect of BA sup-
plementation in a high-lipid diet on the growth, health and lipid me-
tabolism of juvenile large yellow croaker. Large yellow croaker
(Larimichthys crocea) is an economically important fish in China.
However, growth retardation and an increase in lipid deposition were
observed in large yellow croaker fed a high-lipid diet. Previous studies
have found that high-lipid feeding of large yellow croaker resulted in a
series of problems related to growth and lipid metabolism (Clouet et al.,
2010; Wang et al., 2016; Jing et al., 2017).

2. Materials and methods

2.1. Experimental diets

A diet formulated containing approximately 45% crude protein and
18% crude lipid was used as the negative control (HO), and another diet
containing approximately 45% crude protein and 13% crude lipid was
formulated as the positive control (MO). Practical diets containing
graded levels of BA (150 mg/kg, 300 mg/kg and 450 mg/kg) were
prepared based on a high-lipid basic diet. All ingredients were sepa-
rately crushed over 80 um mesh. Then, a small amount of the in-
gredients was fully mixed, and the remaining amount of ingredients
was added to the mixer and fully mixed in oil and a small amount of
water. Next, the mixture was rubbed over a 60-mesh sieve and mixed
well. Pure water (300 g /kg) was added to produce a stiff dough. After
this, the dough was pelleted by being pressed on a sieve in a feed mill
with 4-mm holes. Diets were dried in a ventilated oven at 40 °C until
attaining a moisture level below 5% and were stored at −20 °C in
opaque bags (Table 1).

2.2. Experimental procedure

All large yellow croaker juveniles were obtained from Fu Fa Aquatic
Products, Ningde, China. Before the start of the experiment, the same
batch of fish was acclimatized to a floating sea cage (4 m*4 m*4 m) for
2 weeks. Sixty fish of similar size (12.00 ± 0.20 g) were randomly
distributed among 15 sea cages (1 m*1 m *1.5 m). Each diet was ran-
domly assigned to three cages. Fish were fed to apparent satiation twice
daily (05:00 and 17:00) for 10 weeks. At the beginning of the trial, fish
were starved for 24 h and then weighed after being anesthetized.
Environmental conditions (temperature: 24.3–29.1 °C, salinity
26.2–28.7‰, oxygen level: 6.2–7.4 mg/L) were good for acclimation.

2.3. Sample collection and analysis

At the end of the feeding trial, fish were starved 24 h prior to
sampling. After anesthetizing with eugenol (1:10,000), for each cage,

total fish were taken to measure the number and body weight, and three
fish were collected randomly and stored at −20 °C for future bio-
chemical analyses. The livers were dissected from the fish, weighed
individually to calculate the hepatosomatic index (HSI), and the livers
from twelve fish per cage were immediately placed in liquid nitrogen
and stored at −80 °C before analysis.

The sample was put in the 105 °C ventilation drying oven to dry the
sample to constant weight with reference to the Association with
Official Analytical Chemists (AOAC, 1995). The crude protein was de-
termined by the Kjeldahl method (N*6.25, FOSS, KjeltecTM 8200). The
crude lipid (a general term for substances soluble in petroleum ether) of
the sample was determined by Soxhlet extraction (FOSS Soxtec 2050).
The ash by combustion in a muffle furnace at 550 °C for 4 h. The fatty
acid composition was analyzed using the procedures described by
Metcalfe et al. (1966) with some modification (Metcalfe et al. 1966; Ai
et al., 2008; Zuo et al., 2012). Fatty acid methyl esters were identified
and quantified by an HP6890 gas chromatograph (Agilent Technolo-
gies, Santa Clara, California, USA) with a capillary column (007-CW,
Hewlett Packard, Palo Alto, CA, Sargent, 1999 USA) and a flame ioni-
zation detector.

The content of BA in the feed was determined as follows:
Accurately according to the sample in a 150 mL with triangle in a

bottle and then add the extract (50% methanol), ultrasonic extraction
20 min, will plug with triangle on the bottle in the clear liquid in
100 mL centrifuge tube, to 5000 r/min speed centrifuge for 10 min, and
then in the centrifuge tube on clear liquid (need) filter such as floats,
pour into standby in another centrifuge tube, the solution for the ex-
traction of the sample fluid.

HLB solid phase extraction column (HLB solid phase extraction
column of 100 mg/3 cc specification) was successively activated with
3 mL methanol and 3 mL water, 1 mL of the above sample extract was

Table 1
Formulation and proximate analysis of the experimental diet for large yellow
croaker (% dry matter).

Ingredients % Diets

MO HO HOB150 HOB300 HOB450

Fish meala 33.00 33.00 33.00 33.00 33.00
Soybean meala 24.00 24.00 24.00 24.00 24.00
Wheat starcha 16.00 16.00 16.00 16.00 16.00
Wheat gluten meala 5.00 5.00 5.00 5.00 5.00
Fish oila 4.00 6.50 6.50 6.50 6.50
Soybean oila 4.00 6.50 6.50 6.50 6.50
Lecithina 2.00 2.00 2.00 2.00 2.00
Vitamin premixa,b 2.00 2.00 2.00 2.00 2.00
Mineral premixa,c 1.00 1.00 1.00 1.00 1.00
Mold inhibitora 0.10 0.10 0.10 0.10 0.10
Ethoxyquina 0.05 0.05 0.05 0.05 0.05
Choline chloridea 0.10 0.10 0.10 0.10 0.10
Attractanta 1.00 1.00 1.00 1.00 1.00
Bile acidb 0.00 0.00 0.015 0.03 0.045
Microcrystalline cellulosea 7.75 2.75 2.74 2.72 2.71
Total 100 100 100 100 100
Ingredient
Crude protein (%DM) 45.11% 44.82% 44.89% 44.83% 44.97%
Crude Lipid (%DM) 12.86% 18.02% 18.06% 18.23% 18.13%

a All of these ingredients were supplied by Great Seven Biotechnology Co.,
Ltd., China.

b Vitamin premix (mg kg-1 or g kg-1 diet): thiamin, 25 mg; riboflavin, 45 mg;
pyridoxine HCl, 20 mg; vit. B12, 0.1 mg; vit. K3, 10 mg; inositol, 800 mg;
pantothenic acid, 60 mg; niacin acid, 200 mg; folic acid, 20 mg; biotin, 1.20 mg;
retinol acetate, 32 mg; cholecalciferol, 5 mg; α-tocopherol, 120 mg; ascorbic
acid, 2000 mg; choline chloride, 2500 mg; ethoxyquin, 150 mg; wheat mid-
dling, 14.012 g.

c Mineral premix (mg kg-1 or g kg-1 diet): NaF, 2 mg; KI, 0.8 mg; CoCl2·6H2O
(1%), 50 mg; CuSO4·5H2O, 10 mg; FeSO4·H2O, 80 mg; ZnSO4·H2O, 50 mg;
MnSO·H2O, 60 mg; MgSO4·7H2O, 1200 mg; Ca (H2PO4)2·H2O, 3000 mg; NaCl,
100 mg; Zoelite, 15.447 g.
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removed through the column, and then was successively eluted with
2 mL extract (50% methanol) and 2 mL eluent (60% methanol), and
then drained. Elution was performed with 2 mL methanol and filtered
with 0.22 m filter membrane for determination by liquid chromato-
graphy-tandem mass spectrometer. The mixed standard working fluid
with concentration of 0.02, 0.05, 0.10, 0.20, 0.50, 1.00 and 2.00 g/mL
was filtered by 0.22 m filter membrane and then tested by liquid
chromatography-tandem mass spectrometer. The standard curve was
drawn with the characteristic ion mass chromatographic peak area as
the ordinate and the concentration of the mixed standard working fluid
as the abscissa.

Column: C18 column: column inner diameter 2.1 mm, column
length 50 mm, particle size 1.7 m, or equivalent.

Mobile phase: A phase is 0.1% formic acid solution, B phase is 0.1%
formic acid acetonitrile solution, gradient elution.

Flow rate: 0.3 mL/min, column temperature: 40 °C, sample volume:
5 mL.

The quantitative determination of The mixed standard working fluid
and sample solution were analyzed by computer, and the peak area
response value of chromatography was obtained. The response value of
the sample solution should be within the linear range of instrument
measurement. If the concentration of sample solution exceeds the linear
range, it will be re-measured after dilution.

2.4. Antioxidant and lipid metabolism index

Catalase (CAT), malondialdehyde (MDA), total antioxidant capacity
(T-AOC), superoxide dismutase (SOD), hepatic lipase (HL) and lipo-
protein lipase (LPL) were measured using a test kit (Nanjing Jiancheng
Bioengineering Institute China). The reagent preparation, sample pre-
treatment and method of operation are in accordance with the oper-
ating instructions.

2.5. RNA extraction and real-time quantitative PCR

According to the kit instructions, the total sample was ground and
milled at −80 °C in liquid nitrogen. Approximately 100-mg samples
were added to 1 ml of RNAiso TM Plus from Takara (Japan) for the full
reaction, and total RNA was extracted from the samples. The RNA
concentration and purity were determined by ultraviolet colorimetry
(Nanodrop Thermo Fisher Scientific, USA), and the sample absorbance
ratio (260/280 nm) was between 1.8 and 2.0. RNA quality was de-
termined by 1.5% agarose gel electrophoresis. The total RNA con-
centration was diluted to 500 ng/μl, and reverse transcription was
performed immediately with the kit from Takara (Japan).

The real-time quantitative PCR procedure was performed in a total
volume of 20 μL. The real-time quantitative PCR was programmed as
follows: 95 °C for 2 min, followed by 40 cycles of 95 °C for 10 s, 58 °C
for 15 s, and 72 °C for 10 s, and melting curve analysis was performed to
confirm the specificity of the products. The primer sequences for β-
actin, sterol-regulatory element binding protein-1 (SREBP-1), stearoyl-
coenzyme A desaturase (SCD-1), fatty acid synthase (FAS), peroxisome
proliferator-activated receptor α (PPAR-α), carnitine palmitoyl-
transferase 1 (CPT-1) and acyl-CoA oxidase (ACO) were calculated and
normalized via the delta-delta method (Cui-Luan et al., 2009) (Table 2).

2.6. Calculations and statistical analysis

Growth and somatic indices were calculated according to the fol-
lowing:

= − ×Weight gain rate (WGR,%) (w w ) 100/w .t o o

= − ×

−Specific growth rate (SGR%, day )
{(Ln (w ) Ln (w ))/duration (70 days)} 100.

1

t o

= ×Survival rate (SR,%) 100 (FN/IN).

= ×Hepatosomatic index (HSI,%) weight of liver/weight of fish 100.

= −Feed conversion ratio (FCR) F/(w w ).t o

= −Protein efficiency ratio (PER) (w w )/P.t o

Where FN is the final number and IN is the initial number of fish in
each cage, wt is the final weight, wo is the initial weight of fish, F is the
feed intake (g), and P is the amount of protein in the diet (%).

SPSS 25.0 one-way ANOVA was used for data statistics, and Tukey's
test was used for significance comparison between groups. P < .05
indicates a significant difference. All results were expressed as the mean
SEM. Different letters in the same line indicate significant differences
(P < .05).

3. Results

3.1. Growth performance and feed utilization

The survival rate (SR) was independent of the dietary treatments
(P > .05). With increasing dietary BA, the specific growth rate (SGR)
gradually increased thereafter. When fish were fed the diet with
300 mg/kg BA, the SGR was significantly higher than that of the ne-
gative control group (P < .05). The final body weight (FBW) and the
weight gain rate (WGR) had the same trends as the SGR. The feed
conversion ratio (FCR) was decreased with increasing dietary BA and
was significantly higher than that of the negative control group in fish
fed diets with 150 mg/kg-450 mg/kg BA (P < .05). Especially in fish
fed the diet with 300 mg/kg BA, the FCR was the lowest among dietary
treatments. The protein efficiency ratio (PER) was significantly en-
hanced by BA supplementation. Compared with the negative control
group, the PER in fish fed diets with 150 mg/kg-450 mg/kg BA was
significantly higher (P < .05). When fish were fed the diet with
300 mg/kg BA, the PER reached a plateau and was significantly higher
than that of the positive control group (P < .05). The HSI in fish fed
diets with 150 mg/kg-450 mg/kg BA was significantly lower than that
of the negative control group (P < .05). However, in the positive
control group, the HSI was still significantly lower than that in the other
groups (P < .05) (Table 3).

3.2. Body composition

With increasing BA in diets, the crude protein gradually increased
thereafter, but no significant differences were observed (P > .05).
However, the crude protein in the positive control group was sig-
nificantly higher than that in the other groups (P < .05). The crude
lipids showed no significant differences with increasing dietary BA but
were significantly lower in the positive control group than those in the
other groups (P < .05). As dietary BA increased, the liver lipid content
was significantly lower than that of the negative control group
(P < .05). Especially when fish were fed the diet with 450 mg/kg BA,
the liver lipid content was the lowest among fish fed high-lipid diets.
However, the liver lipid content in the positive control group was the
lowest among the dietary treatments (P < .05). In contrast, the muscle
lipid content gradually increased with increasing dietary BA and was
significantly higher in fish fed high-lipid diets compared to that in the
positive control group (P < .05). With 300 mg/kg and 450 mg/kg BA
supplementation in diets, the muscle lipid content was significantly
higher than that in the other groups (P < .05). The whole body
moisture and ash were higher in the positive control group than those
in the other groups, but no significant differences were observed among
the dietary treatments (P > .05) (Table 4).
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3.3. Muscle fatty acid composition

As dietary BA increased, C18 was decreased and was significantly
lower with 150 mg/kg-450 mg/kg BA supplementation in diets than
that in the negative control group (P < .05). C18 1n-9 was not sig-
nificantly influenced by increasing dietary BA but was significantly
lower in the positive control group than the level in the other groups
(P < .05). C18 2n-6 and C18 3n-3 gradually increased thereafter with
increasing dietary BA and were significantly higher than the levels in
the positive control group when fish were fed the diet with 300 mg/kg
BA (P < .05). In addition, there were no significant differences in
other fatty acids in the muscle among dietary treatments (P > .05)
(Table 5).

3.4. Liver lipid metabolism and antioxidant capacity

With increasing BA in the diet, the activity of CAT was gradually
increased and thereafter decreased and was significantly higher in fish
fed the diet with 300 mg/kg BA than activity in the other groups
(P < .05). Meanwhile, the activity of CAT in the positive control group
was the lowest among the dietary treatments (P < .05). The liver
content of MDA was significantly decreased with increasing dietary BA
(P < .05), and the highest content of MDA was observed in the ne-
gative control group (P < .05). SOD gradually increased with in-
creasing dietary BA, but no significant difference was observed among
dietary treatments (P > .05). With increasing dietary BA, the T-AOC
was significantly increased (P < .05). The T-AOC was higher in the
negative control group than that in the positive control group, but no
significant difference was observed (P > .05). With increasing BA in
the diet, the activity of LPL was significantly increased (P < .05).
Although the activity of LPL was higher in the negative control group
than the activity in the positive control group, no significant difference
was observed (P > .05). The activity of HL was significantly higher in
the negative control group than the activity in the positive control
group (P < .05). Moreover, with dietary BA increasing from 300 mg/
kg to 450 mg/kg, the activity of HL was significantly higher than that in

the negative control group (P < .05) (Table 6).

3.5. Expression of genes related to lipid metabolism

With increasing supplementation of BA in the diet, the mRNA ex-
pression levels of SREBP-1 and SCD were significantly decreased
(P < .05). Moreover, the mRNA expression levels of FAS in fish fed
diets with 300 mg/kg and 450 mg/kg BA were significantly lower than
level in the other groups (P < .05) (Fig. 1). With increasing supple-
mentation of BA in the diet, the mRNA expression levels of PPAR-α,
ACO and CPT-1 were significantly increased (P < .05). The mRNA
expression levels of PPAR-α, ACO and CPT-1 in the negative control
group were significantly lower than expression levels in the other
groups (P < .05) (Fig. 2).

4. Discussion

The results of the present study showed that no significant differ-
ences were observed in the growth performance of large yellow
croaker, suggesting that the fish may be able to tolerate high lipid diets
within this lipid range (13%–18% lipid). Unlike some previous studies
(Boujard et al., 2004; Martins et al., 2007), feeding high-lipid diet did
not significantly improve the growth of large yellow croaker. This in-
dicates that simply increasing the lipid level of feed cannot achieve the
purpose of promoting growth. Some previous studies have shown no
significant change or even decrease in growth after fish fed high lipid
diets. It's quite possible because excessive energy in diets can lead to
decrease feed consumption (reducing total protein intake) and reduce
the utilization of other nutrients (Chou and Shiau, 1996; Lovell, 1998;
Wang et al., 2005). However, growth was promoted with supple-
mentation of BA increasing from 300 mg/kg to 450 mg/kg. Although no
information about the effects of dietary BA on aquatic animals is
available, previous studies showed that ursodeoxycholic acid (UDCA)
could improve the growth of juvenile eel and yellowtail (Deshimaru,
1982; Maita et al., 1996). Meanwhile, the addition of chenodeoxycholic
acid (CDCA) could significantly improve the growth of large yellow

Table 2
Primer pair sequences for real-time PCR.

Target gene Forward (5′-3′) Reverse (5′-3′) References

SREBP-1 TCTCCTTGCAGTCTGAGCCAAC TCAGCCCTTGGATATGAGCCT Cai et al. (2016)
SCD-1 AAAGGACGCAAGCTGGAACT CTGGGACGAAGTACGACACC Cai et al. (2016)
FAS CAGCCACAGTGAGGTCATCC TGAGGACATTGAGCCAGACAC Yan et al. (2015)
PPARα GTCAAGCAGATCCACGAAGCC TGGTCTTTCCAGTGAGTATGAGCC Yan et al. (2015)
CPT-1 GCTGAGCCTGGTGAAGATGTTC TCCATTTGGTTGAATTGTTTACTGTCC Yan et al. (2015)
ACO AGTGCCCAGATGATCTTGAAGC CTGCCAGAGGTAACCATTTCCT Yan et al. (2015)
β-Actin CTACGAGGGTTATGCCCTGCC TGAAGGAGTAACCGCGCTCTGT Yan et al. (2015)

SREBP-1, sterol-regulatory element binding protein-1; FAS, fatty acid synthase; SCD, stearoyl-coenzyme A desaturase; PPARα, peroxisome proliferator-activated
receptor α; CPT1, carnitine palmitoyl transferase 1; ACO, acyl-CoA oxidase.

Table 3
Effects of dietary bile acid on the growth response and survival of large yellow croaker.

Index Diets

MO HO HOB150 HOB300 HOB450

Initial body weight (g) 11.99 ± 0.15 11.95 ± 0.14 12.02 ± 0.17 12.09 ± 0.09 11.93 ± 0.24
Final body weight (g) 57.59 ± 0.46a 58.68 ± 0.89a 58.4 ± 1.13a 63.71 ± 0.68b 61.63 ± 1.61ab

Weight gain rate (%) 380.52 ± 10.34a 390.95 ± 1.03a 385.86 ± 12.5a 427.15 ± 3.78b 416.64 ± 11.63ab

Specific growth rate (% day−1) 2.24 ± 0.03a 2.27 ± 0.01a 2.26 ± 0.04a 2.37 ± 0.01b 2.35 ± 0.03ab

Survival rate (%) 85.00 ± 5.30 82.22 ± 4.94 86.67 ± 3.47 83.89 ± 2.00 88.89 ± 2.94
Feed conversion ratio 1.37 ± 0.02a 1.46 ± 0.02b 1.36 ± 0.01a 1.30 ± 0.02a 1.34 ± 0.02a

Protein efficiency ratio 1.61 ± 0.03ab 1.54 ± 0.03a 1.66 ± 0.01bc 1.74 ± 0.02c 1.68 ± 0.02bc

Hepato-somatic index (%) 1.28 ± 0.02a 1.67 ± 0.06c 1.40 ± 0.04b 1.47 ± 0.03b 1.44 ± 0.04b

Data are expressed as the means± SEM. Different letters in each row show significant differences among dietary treatments by Tukey's test (P < .05). SEM, standard
error of the mean. (n = 3).
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croaker (Du et al., 2017). Moreover, in this study, the FCR was sig-
nificantly decreased with 150 mg/kg-450 mg/kg BA, and the PER was
significantly increased, which agreed with previous research findings in
juvenile eel (Deshimaru, 1982) and yellowtail (Maita et al., 1996),
suggesting that the results may be closely related to improving the
utilization of dietary lipids. Furthermore, studies in mammals and
poultry showed that dietary BA could promote the growth performance,
prevent diseases and improve body composition, which might result
from the emulsification of lipids by bile acids (Kevresan et al., 2006;
Parsaie et al., 2007; Guariento et al., 2008; Russell, 2009).

In the present study, along with the increase in dietary BA content,
the trend of the crude lipid was increased compared with the control
group, but the differences were not significant. The liver lipid content
and the HSI of the experimental fish were increased after feeding with
high-lipid diets. The results were consistent with the results of clarias
catfish (Jantrarotai et al., 1994), hybrid tilapia (Chou and Shiau, 1996),
rockfish (Lee et al., 2002), starry flounder (Ding et al., 2010) and
haddock (Tibbetts et al., 2015). BA plays an important role in reducing
liver triglyceride deposition, protecting liver health and resisting liver
diseases (Cipriani et al., 2009; Jain et al., 2012; Watanabe and Fujita,
2014). Correspondingly, in this study, the increases in liver lipid con-
tent and HSI in the high-lipid groups were markedly reduced by dietary
BA treatments. Moreover, the muscle lipid content was significantly
increased with 300 mg/kg to 450 mg/kg BA. The content ratio of li-
nolenic acid (C18 3n-3) in the muscle was significantly increased with
300 mg/kg BA. C18 3n-3 is a precursor for the synthesis of DHA and
EPA (Leonard et al., 2004; Sargent, 1999). Although the muscle DHA
and EPA content ratio was not significantly influenced by the BA in this

study, the DHA and EPA content ratio was the highest with 300 mg/kg
BA supplementation among dietary treatments. However, there is a
general lack of knowledge about the effects of BA on fatty acid synthesis
in aquatic animals. Studies on mammals have suggested that BA may
have an impact on the pathway of arachidonic acid synthesis (Zhang
et al., 2017), but the synthesis mechanism in fish needs to be further
explored.

Furthermore, antioxidant capacity is one of the most important in-
dicators that reflects growth performance (Mate, 2000; Winzer et al.,
2000). Fish fed diets supplemented with BA had significantly higher
activities of SOD, CAT, and T-AOC and lower contents of MDA in the
liver. The results demonstrated a beneficial effect on the antioxidant
capacity of large yellow croaker. Similar results have been reported in
mammals in which dietary BA could promote the antioxidant capacity
(Kullak-Ublick et al., 2004; Li and Apte, 2015). Thus, the increased
ability of antioxidation may be an explanation for the healthy growth
performance. This study also found that with the supplementation of BA
in the diet, the activities of LPL and HL in the liver were significantly
increased. Previous studies in mammals demonstrated that LPL and HL
are two important markers for measuring the lipid metabolism ability
(Macfarlane et al., 1990; Chamberlain et al., 1991; Lewis et al., 1994,
Wang and Eckel, 2009) and could also prevent the accumulation of
excessive cholesterol in extrahepatic tissues. To further explore the ef-
fect of dietary BA on lipid metabolism, related gene expression was
analyzed.

SREBP-1, a key transcription factor for regulating the expression of
lipid metabolism-related genes, and SCD, an important catalytic en-
zyme for the formation of monounsaturated fatty acids during the

Table 4
Proximate composition (dry weight %) in whole body and the lipid content of the liver and muscle in large yellow croaker.

Index Diets

MO HO HOB150 HOB300 HOB450

Moisture (%) 74.03 ± 0.41 72.85 ± 0.55 72.78 ± 0.20 72.44 ± 0.52 71.70 ± 0.89
Ash (%) 12.94 ± 0.15 12.04 ± 0.15 11.87 ± 0.22 12.01 ± 0.26 11.83 ± 0.70
Crude protein (% d.w.) 59.65 ± 2.52b 54.58 ± 1.6a 54.89 ± 0.97a 55.54 ± 1.71a 53.69 ± 1.23a

Crude lipid (% d.w.) 28.67 ± 1.58a 33.20 ± 0.99b 33.97 ± 0.65b 33.58 ± 0.39b 34.24 ± 1.01b

Liver lipid content (% d.w.) 64.32 ± 4.03b 68.28 ± 1.45c 62.61 ± 0.61ab 62.23 ± 2.13ab 59.99 ± 3.09a

Muscle lipid content (% d.w.) 24.07 ± 1.28a 26.76 ± 1.64b 27.9 ± 2.51bc 29.67 ± 2.2c 29.59 ± 1.91c

Data are expressed as the means± SEM. Different letters in each row show significant differences among dietary treatments by Tukey's test (P < .05). SEM, standard
error of the mean. (n = 3).

Table 5
Effects of dietary bile acid on the fatty acid composition in muscle of large yellow croaker.

Fatty acid (%) Diets

MO HO HOB150 HOB300 HOB450

C14 2.34 ± 0.12 2.24 ± 0.09 2.25 ± 0.06 2.36 ± 0.02 2.38 ± 0.03
C16 16.95 ± 0.52 16.88 ± 0.56 16.91 ± 0.21 16.52 ± 0.36 16.54 ± 0.15
C18 4.18 ± 0.09a 4.72 ± 0.16b 4.35 ± 0.05a 4.36 ± 0.07a 4.31 ± 0.24a

C20 1.79 ± 0.08 1.81 ± 0.11 1.63 ± 0.05 1.54 ± 0.03 1.58 ± 0.08
∑SFA 25.26 ± 0.57 24.24 ± 0.78 23.87 ± 0.15 23.60 ± 0.39 23.61 ± 0.06
C16 1n-7 2.98 ± 0.10 3.04 ± 0.16 3.09 ± 0.09 3.07 ± 0.05 3.08 ± 0.03
C18 1n-9 16.12 ± 0.14a 18.64 ± 0.38b 18.09 ± 0.17b 17.65 ± 0.08b 17.71 ± 0.28b

∑MUFA 19.10 ± 0.18a 21.67 ± 0.48b 21.18 ± 0.24b 20.72 ± 0.13b 20.80 ± 0.27b

C18 2n-6 24.12 ± 0.18a 25.24 ± 0.63ab 25.58 ± 0.21ab 26.43 ± 0.23b 25.82 ± 0.17ab

C20 4n-6 0.48 ± 0.01 0.46 ± 0.01 0.47 ± 0.03 0.48 ± 0.01 0.54 ± 0.03
∑n-6 PUFA 24.60 ± 0.74a 25.7 ± 0.64ab 26.06 ± 0.24ab 26.91 ± 0.23b 26.35 ± 0.14ab

C18 3n-3 2.83 ± 0.05a 2.94 ± 0.09ab 3.07 ± 0.04ab 3.28 ± 0.03b 3.02 ± 0.04ab

C20 5n-3 2.94 ± 0.17 2.92 ± 0.15 3.14 ± 0.06 3.28 ± 0.07 3.09 ± 0.10
C22 6n-3 5.55 ± 0.13 5.50 ± 0.06 5.78 ± 0.22 5.80 ± 0.18 5.66 ± 0.07
∑n-3 PUFA 11.31 ± 0.24a 11.35 ± 0.17a 11.99 ± 0.19ab 12.22 ± 0.19b 12.01 ± 0.06ab

n-3/n-6 PUFA 0.46 ± 0.02 0.44 ± 0.02 0.46 ± 0.02 0.45 ± 0.03 0.46 ± 0.04

Data are expressed as the means± SEM. Different letters in each row show significant differences among dietary treatments by Tukey's test (P < .05). SEM, standard
error of the mean. (n = 3).
SFA, saturated fatty acids; MUFA, mono-unsaturated fatty acids; n-6 PUFA, n-6 poly-unsaturated fatty acids; n-3 PUFA, n-3 poly-unsaturated fatty acids.

T. Ding, et al. Aquaculture 518 (2020) 734768

5



synthesis of fatty acids, have a close correlation in the process of lipid
metabolism (Stefania et al., 2013). In the present study, the mRNA
expression levels of SREBP-1 and SCD were significantly downregulated
in BA treatments, which may be one of the main reasons that explains
the decreased liver lipid content and C18 1n-9 in muscle. With dietary
BA increasing from 300 mg/kg to 450 mg/kg, FAS, another key enzyme
regulated by SREBP-1 during fatty acid synthesis controlling the
synthesis of long-chain fatty acids, was significantly downregulated
(Smith et al., 2003). The decreased mRNA expression level of FAS may
reduce the level of fatty acids synthesized by the liver, thus slowing
down the accumulation of lipid in the liver. On the other hand, β-oxi-
dation is an important method of lipid catabolism in fish. The basic
mechanism and regulation of this pathway appear to be similar in
mammals and fish (Nanton et al., 2003). PPAR-α, a key mediator of
energy metabolism, is mainly expressed in the liver and is involved in
regulating the expression of several key enzymes of fatty acid oxidation,

such as ACO and CPT-1 (Jiansheng et al., 2011; Kersten, 2014; Souza-
Mello, 2015). In this study, the mRNA expression levels of PPAR-α,
ACO and CPT-1 in fish fed a high-lipid diet were decreased, but they
were significantly upregulated in the BA treatment diets. Moreover,
Ning et al. (2016) demonstrated that high expression levels of PPAR-α
in Nile tilapia could increase lipid degradation and decrease adipo-
genesis, which was similar to mammals. Therefore, it was concluded
that one of the main reasons for the decrease in lipid content in the liver
may be attributed to the activation of PPAR-α regulating the activation
of liver fatty acid oxidation by the downstream target genes ACO and
CPT-1, which accelerates the lipid consumption process in the liver.

In summary, the results of this study showed that dietary BA could
promote growth performance and reduce the liver lipid deposition of
large yellow croaker. These beneficial effects could be attributed to the
increased activities of lipid metabolism and antioxidant enzymes, as
well as the increase in gene expression of lipid oxidation genes and the

Table 6
Effects of dietary bile acid on liver lipid metabolism and the antioxidant capacity of large yellow croaker.

Index Diets

MO HO HOB150 HOB300 HOB450

CAT (U/mg prot) 15.34 ± 1.53a 18.39 ± 0.58b 20.69 ± 1.44b 27.45 ± 2.24c 21.74 ± 1.14b

MDA (nmol/mg prot) 12.17 ± 0.86a 16.53 ± 1.52b 13.72 ± 1.13a 12.94 ± 1.13a 13.58 ± 0.44a

SOD (U/mg prot) 141.45 ± 1.12 144.36 ± 4.96 149.35 ± 5.98 152.85 ± 6.95 151.44 ± 6.99
T-AOC (U/mg prot) 1.52 ± 0.09a 1.89 ± 0.19ab 2.07 ± 0.13b 2.16 ± 0.09b 2.13 ± 0.16b

LPL (U/mg prot) 0.86 ± 0.12a 0.98 ± 0.12a 1.42 ± 0.11b 1.61 ± 0.13b 1.50 ± 0.07b

HL (U/mg prot) 0.64 ± 0.06a 1.02 ± 0.16b 1.07 ± 0.14b 1.28 ± 0.09c 1.30 ± 0.18c

Data are expressed as the means± SEM. Different letters in each row show significant differences among dietary treatments by Tukey's test (P < .05). SEM, standard
error of the mean. (n = 3).

Fig. 1. Effects of high dietary lipid levels and BA on the relative expression of (a) sterol regulatory element binding protein-1 (SREBP-1), (b) stearoyl coenzyme A
desaturase (SCD), and (c) fatty acid synthase (FAS) in larval large yellow croaker. Data are presented as the means± S.E.M. (n= 3). Bars bearing the same letters are
not significantly different (P > .05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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decrease in gene expression of lipid synthesis genes in the liver.
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