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This study was to elucidate the effects of dietary pantothenic acid (PA) on growth, lipid metabolism, and antioxidant status in
juvenile blunt snout bream Megalobrama amblycephala. Fish were fed with four experimental diets containing two lipid levels
(5% and 11%) and two PA supplementation levels (24mg kg-1 and 240mg kg-1) for eight weeks. The results showed that diets
containing 11% lipid significantly increased condition factor, mesenteric fat index, triacylglycerol (TG), and cholesterol (TCH)
in the liver as well as total lipid content and TCH in the muscle (P < 0:05), but significantly decreased specific growth rate and
whole-body protein (P < 0:05). As the dietary lipid level increased, hepatic antioxidant enzyme activities were significantly
increased (P < 0:05) as well as malondialdehyde content (P < 0:05). Besides, cytosolic cytochrome c concentration was also
significantly (P < 0:05) increased, while mitochondrial protein, cytochrome c, and Na+-K+-ATPase activities were significantly
decreased (P < 0:05). There were no significant changes on growth performance and body composition of PA supplementation.
Then, significantly negative (P < 0:05) interactions were observed between dietary lipid and PA supplementation on EPA,
DHA, and EPA+DHA content of the muscle. Saturated fatty acid (SFA) and polyunsaturated fatty acid (PUFA) contents in
the liver were significantly increased (P < 0:05) with dietary lipid level increased, while liver monounsaturated fatty acid
(MUFA) was significantly decreased (P < 0:05). Muscle SFA, DHA, and EPA+DHA contents were significantly decreased
(P < 0:05) when dietary fat level increased. Meanwhile, EPA, DHA, and EPA+DHA content was significantly decreased
(P < 0:05) with dietary high PA supplementation. On the whole, a high PA supplementation level of 240mg kg-1 could alleviate
lipid content accumulated and oxidative damage induced by a high-fat diet.

1. Introduction

The high utility of fat-rich feeds is a current trend in the mod-
ern aquaculture industry due to its protein sparing and growth
promoting effects [1, 2]. However, most freshwater fish cannot
tolerate high dietary lipids, and excess lipid may lead to fatty
liver and cause dyslipidemia [3, 4]. According to our previous
studies, the liver of blunt snout breamMegalobrama amblyce-
phala showed a healthy status when fed with a 5% fat diet [4].
When given a 7% fat diet, blunt snout bream showed best
weight gain and protein utilization [5]. However, when the
dietary lipid level reached 11%, fat accumulation occurred in

the liver of blunt snout bream [3]. Under normal physiological
conditions, there is a balance between lipid deposition and
decomposition to maintain lipid homeostasis in vivo. When
blunt snout bream cannot tolerate high dietary lipid, the
excess lipid may cause multiple adverse consequences, includ-
ing retarded growth, fatty liver, fat deposition, and oxidative
damage [4]. Thus, it is necessary to find an effective way to
alleviate these problems.

Dietary manipulation has been proven to be a useful
approach for alleviating the adverse effects. Pantothenic acid
(PA) is an essential water-soluble vitamin for fish. PA func-
tions as a component of coenzyme A (CoA) which plays a core
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role in numerous intermediary metabolic reactions in carbo-
hydrates and lipid metabolism [6]. CoA forms a thioester
bond with acyl carbons and thus mediates acyl transfer reac-
tion of fatty acid synthesis, fatty acid oxidation, and choles-
terol synthesis in diverse pathways [7]. Besides, PA also
donates a 4′-phosphopantetheine moiety to acyl-carrier pro-
tein (ACP), which carries the growing acyl chain from one
enzyme to another [8]. Previous studies indicated that dietary
PA deficiency in grass carp (Ctenopharyngodon idella) and
grouper (Epinephelusmalabaricus) would result in fish hepatic
fat deposition and lipid metabolic dysfunction [9, 10]. In a
study of blunt snout bream, increased dietary PA levels
enhanced the expressions of various genes involved in liver
fatty acid synthesis, resulting in the enhanced liver SFA syn-
thesis [11]. However, whether dietary PA has a positive regu-
latory function on the lipid metabolism in dyslipidemia fish is
still unknown. Considering biological functions of PA in lipid
metabolism, the investigations of PA on alleviating the adverse
effect induced by a high-fat diet are worthwhile.

In order to maintain the body redox equilibrium, the anti-
oxidant systems of the SOD, CAT, and GPX enzymes play
important roles, while MDA content represents direct evi-
dence of lipid peroxidation caused by free radicals or disor-
dered lipid metabolism [11]. Besides, mitochondria which
play a vital role in cellular homeostasis are considered to be
the most critical subcellular organelles for mediating oxidative
stress [12, 13]. Meanwhile, mitochondria are also recognized
as a significant source of reactive oxygen species (ROS) pro-
duction and endogenous oxidative stress [14]. So far, studies
have extensively investigated the effects of nutritional factors
on the antioxidant defenses of fish. Recently, PA and its related
compounds have been reported to protect the cell membrane
against damage caused by lipid peroxidation in an in vitro
study [15], indicating the potential correlation between dietary
PA levels and body antioxidant capability. Our previous study
showed the PA could increase liver CAT activities and
decrease liver MDA content [11]. PA supplementation also
increased hepatic GSH levels in Jurkat cells that was attributed
to increased ATP production as a result of increased mito-
chondrial CoA levels [16]. Pantothenic supplementation also
increased hepatic GSH and liver resistance to irradiation, sug-
gesting that GSH peroxidase and phospholipid-hydroperoxide
GSH peroxidase may have detoxified any hydroperoxides
formed. Pantothenic acid also prevented the collapse of mito-
chondrial membrane potential and restored ATP synthesis
levels as well as the activity of antioxidant enzymes, such as
catalase, GSH peroxidase, GSH reductase, and the NADPH
formingmalic enzyme in vitro and in vivo [17]. However, little
information is given about how dietary PAworks on liver anti-
oxidant capacity and how the mitochondrial respiration chain
functions in dyslipidemia fish.

Bearing these in mind, the present study was conducted
to elucidate the effects of dietary PA supplementation on
growth, lipid metabolism, and antioxidant status of juvenile
blunt snout bream (Megalobrama amblycephala), an eco-
nomically important herbivorous freshwater fish widely cul-
tured in China. The data can provide further information
about nutritional modulation on antistress mechanisms
and dyslipidemia in freshwater fish.

2. Material and Methods

2.1. Diets. A 2 × 2 factorial design with three replicates was
used in the experiment. Four semipurified diets were formu-
lated to contain two lipid levels (5 and 11%) and two PA
supplementation levels (24 and 240mgkg-1). Those four
experimental diets were named as 5/24, 5/240, 11/24, and
11/240, representing the lipid level with PA supplementation
representatively. Formulation and proximate composition of
the basal diet were presented in Table 1. The experimental
diets were formulated to meet the optimal dietary protein,
lipid, and pantothenic acid requirements of blunt snout
bream [5, 11]. PA supplied in diets was detected to be
26.30mgkg-1 and 249.70mgkg-1 via high-performance liq-
uid chromatography. All diets were prepared in the labora-
tory as detailed by Qian et al. [11].

2.2. Fish and Feeding Trial. Blunt snout bream juveniles were
obtained from the Fish Hatchery of Yangzhou (Jiangsu,
China). The feeding trial was performed in an indoor recir-
culating aquaculture system. Fish were reared in several
plastic tanks (3 × 0:8 × 0:8m, L : W : H) for two weeks to
acclimate to the experimental conditions before the experi-
ment. During the acclimation period, fish were fed 5/24
experimental diets. Then, fish (25:97 ± 1:01 g) were ran-
domly divided into 12 plastic tanks (3 × 0:8 × 0:8m, L : W
: H) and were fed with experimental diets to apparent satia-
tion thrice daily (8:00, 12:00, and 16:00 h) for eight weeks.

2.3. Sample Collection. At the end of the feeding trial, fish
were deprived of feed for 24h. The fish were then anaesthe-
tized in diluted MS-222 (1 : 10000), counted, and weighed.
Six fish per tank were collected and stored at -70°C for body
composition analysis. A total of 8 fish per tank were sacri-
ficed for blood, liver, and muscle collection. Then, the blood
samples were allowed to clot at 4°C overnight and centri-
fuged at 5000×g at 4°C for 20min to collect serum. Samples
of the individual liver were quickly collected and stored at
-70°C for determination of oxidative stress parameters and
mitochondrial status analysis.

2.4. Proximate Composition Analysis. The proximate compo-
sition of diets and fish were analyzed following the detailed
methods [18]. Moisture was determined by drying to constant
weight at 105°C. Crude protein (nitrogen × 6:25) was deter-
mined by using the Kjeltec Analyzer Unit (2300, FOSS Tector,
Hoganas, Sweden). Crude lipid was determined by ether
extraction method using the Soxtec Auto Extraction Unit
(2050, Sweden). Ash content was measured by combustion
at 550°C for 4h.

2.5. Determination of Oxidative Stress Parameters in the
Liver. For analyzing oxidative stress in liver, we determined
the concentration of total superoxide dismutase (T-SOD),
catalase (CAT), glutathione peroxidase (GPX) activities, glu-
tathione (GSH), and malondialdehyde (MDA) following the
methods described by Lygren et al. [19]. All the measure-
ments were operated by the commercial kits (Nanjing Jian-
cheng Bioengineering Institute, China).
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2.6. Isolation of Liver Mitochondrial and Cytoplasmic
Fractions. The isolation of liver mitochondria was followed
by the methods of Suarez and Hochachka [20]. Briefly, liver
tissue (0.1-0.2 g) was excised and homogenized (w/v = 1 : 10
), then the homogenate was centrifuged twice at 800×g for
10min at 4°C. The superficial lipid layer was removed. After
that, the remaining supernatant was then centrifuged at
15,000×g for 15min at 4°C. The supernatant and the resid-
ual pellet were considered to be the cytoplasmic fraction
and the mitochondrial fraction, respectively. The obtained
mitochondrial fraction was washed three times in medium
and was then resuspended in the medium with 1mgml-1

fatty acid-free bovine serum albumin.
Cytochrome c contents in mitochondrial and cytosol

fractions were measured according to the method of Sun
et al. [21]. For enzymatic analysis, the mitochondrial pellets
were suspended in the isolation medium. Succinate dehy-
drogenase (SDH) was estimated with sodium succinate as
substrate according to the method of Philip et al. [22]. The
Na+- K+-ATPase (3.6.3.9) activity was measured according
to McCormick and Björnsson [23]. Mitochondrial protein
concentration was determined by using the method of
Lowry et al. [24]. Enzymatic activities were expressed in
units (U) per milligram of mitochondrial protein. All the
measurements were operated by the commercial kits (Nan-
jing Jiancheng Bioengineering Institute, China).

2.7. Tissue Lipid Concentration and Fatty Acid Composition.
Total lipid content in liver and muscle was determined as

described by Folch et al. [25] using chloroform :methanol
(2 : 1, v/v) to extract the total lipid. Total triacylglycerol
(TG) and total cholesterol (TCH) concentrations were mea-
sured with commercial kits (Nanjing Jiancheng Bioengineer-
ing Institute, China). According to the method of Xu et al.
[26], the relative quantity of each FA of lipid was determined
by measuring the area under the chromatograph peak.

2.8. Total RNA Extraction, Reverse Transcription, and Real-
Time PCR. According to the method of Xu et al. [26], the rel-
ative expression of COX1, COX2, ND1, CYTB, and ATP6
were tested with real-time PCR analysis. Briefly, total RNA
in mitochondrial of juvenile blunt snout bream was
extracted using Trizol reagent (Invitrogen, USA) and treated
with RQ1 RNase-free DNase (Promega, USA) to eliminate
genomic DNA contamination. Quantity and purity of RNA
was determined by absorbance measures (A260/280), and
its integrity was tested by electrophoresis in 1.0% formalde-
hyde denaturing agarose gels. cDNA was generated from
500 ng DNase-treated RNA using ExScript™ RT-PCR kit
(Takara, Japan). The resulting first-strand cDNA from each
tissue was then diluted and used as template for PCRs. The
set of primers for COX1, COX2, ND1 CYTB, and ATP6 genes
were designed by Primer 5 according to the codifying
sequences obtained in our laboratory (Table 2). Melting
curve analysis of amplification products was performed at
the end of each PCR reaction to confirm that the specific
products were obtained. Each sample was run in triplicate.
PCR reactions without the addition of the template were

Table 1: Formulation and proximate composition (% air-dry basis) of the diets.

Ingredient (g kg-1) 5/24 5/240 11/24 11/240

Fish meal1 50 50 50 50

Soybean meal2 100 100 100 100

Casein3 270 270 270 270

Soybean oil2 24 24 54 54

Fish oil2 24 24 54 54

Corn starch2 250 250 250 250

α-Starch 50 50 50 50

Cellulose4 200 200 140 140

Premix without pantothenic acid5, 6 10 10 10 10

Calcium biphosphate7 18 18 18 18

Sodium chloride 4 4 4 4

Pantothenic acid 24 × 10−3 240 × 10−3 24 × 10−3 240 × 10−3

Proximate composition (g kg-1)

Crude protein 306.9 306.1 301.4 305.2

Crude lipid 52.6 52.8 113.3 112.7

Ash 68.3 68.2 68.6 67.8

Crude fiber 223.3 222.9 155.5 157.1
1Fishmeal mainly made by Engraulis japonicus, crude protein 63%, provided by Tech-bank Co., Ltd. (Ningbo, China). 2Soybean meal provided by Zhengchang
Feed Industry Co., Ltd. (Jiangsu, China), crude protein 43%. 3Provided by Hulunbeier Sanyuan Milk Co., Ltd. (Inner Mongolia, China). 4Provided by Yifeng
Food Additives Co., Ltd. (Shanghai, China). 5Provided by Huamu Animal Science Research Institute (Nanjing, China). 6Premix provided the following
minerals and/or vitamins (per kg premix): FeSO4·7H2O 25.00 g, copper-chelated peptide 10.00 g, zinc-chelated peptide 80.00 g, MnSO4·4H2O 7.00 g,
Na2SeO3 0.04 g, KI 0.026 g, CoCl2·6H2O 0.10 g, vitamin A 900,000.00 IU, vitamin D 200,000.00 IU, vitamin E 4500.00mg, vitamin K3 220.00mg, vitamin
B1 320.00mg, vitamin B2 1090.00mg, vitamin B6 500.00mg, vitamin B12 1.60mg, vitamin C 10,000.00mg, folic acid 165.00mg, choline 120,000.00mg,
niacin 2500.00mg, and myoinositol 15,000.00mg. 7Provided by Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).
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used as negative controls. At the end of the reaction, the
fluorescent data were converted into Ct values. Each gene
expression level was normalized to β-actin using the
2−ΔΔCT method [27].

2.9. Statistical Analysis. According to the method of Xu et al.
[26], data were subjected to two-way analysis of variance
(ANOVA) using the SPSS statistical package version 20.0
(SPSS Inc., Chicago Avenue, IL, USA) to test the effects of
dietary lipid, PA (main effect), and interaction between lipid
and pantothenic acid after testing the homogeneity of vari-
ances with the Levene test. If an interaction between dietary
lipid and pantothenic acid was detected (P < 0:05), Duncan’s
multiple range test was used to rank the means. A significant
(P < 0:05) main effect and no interaction allowed data to be
pooled before mean separation (main effect means for die-
tary lipid or pantothenic acid) by Duncan’s multiple range
test. All data were presented as means ± S:E:M (standard
error of the mean) of three replicates.

3. Results

3.1. Growth Performance. The growth performance was
determined in juvenile blunt snout bream fed with experi-
mental diets containing different lipid level and PA supple-
mentation. The SGR of fish was reduced (P < 0:05)
significantly as the dietary lipid levels increased from 5% to
11%, whereas CF and MFI were significantly increased
(P < 0:05) (Table 3). VBR, HSI, and DP were not markedly
influenced by dietary lipid and PA supplementation
(P > 0:05) (Table 3). There was no significant interaction
effect on above mentioned growth performance parameters
between PA supplementation and lipid contents (P > 0:05).

3.2. Whole-Body Composition. For analyzing proximate
composition of juvenile blunt snout bream, we determined
the proportion of moisture, protein, lipid, and ash. As the
dietary lipid content increased from 5% to 11%, the lipid
content of fish increased markedly (P < 0:05), whereas

Table 2: Nucleotide sequences of the primers used to assay gene expression by real-time PCR.

Target gene GenBank accession number Forward (5′-3′) Reverse (5′-3′) Length (bp)

COX1 NC010341 CATACTTTACATCCGCAACA TCCTGTCAATCCACCCAC 158

COX2 NC010341 AACCCAGGACCTTACACCC CCCGCAGATTTCAGAACA 232

ND1 NC010341 CTGACCACTAGCCGCAATA GGAAGAAGAGGGCGAAGG 140

CYTB NC010341 CATACACTATACCTCCGACAT TCTACTGAGAAGCCACCT 357

ATP6 NC010341 TGCTGTGCCACTATGACT ATTATTGCCACTGCGACT 315

β-Actin AY170122.2 TCGTCCACCGCAAATGCTTCTA CCGTCACCTTCACCGTTCCAGT 152

Note: COX1: cytochrome-c oxidase subunit 1; COX2: cytochrome-c oxidase subunit 2; ND1: NADH dehydrogenase subunit 1; CYTB: cytochrome b; ATP6:
ATP synthase subunit 6.

Table 3: Effects of dietary pantothenic acid and lipid levels on growth performance and body parameters of juvenile blunt snout bream.

Diets
FBW SGR CF VBR HSI DP MFI

Lipid (%) Pantothenic acid (mg kg-1)

5
24 53.41 1.29 2.12 8.78 1.20 72.40 3.00

240 54.33 1.32 2.10 8.88 1.14 72.32 2.80

11
24 44.88 0.98 2.21 8.76 1.36 73.05 3.74

240 51.79 1.22 2.17 8.61 1.25 72.75 3.60

Pooled SEM 3.70 0.12 0.05 0.55 0.17 1.13 0.34

Means of main effect

Lipid levels

5 53.87a 1.30a 2.11b 8.83 1.17 72.36 2.90b

11 48.33b 1.10b 2.19a 8.68 1.31 72.90 3.67a

Pantothenic acid levels

24 49.15 1.13 2.17 8.77 1.28 72.72 3.37

240 53.06 1.27 2.14 8.74 1.20 72.53 3.20

Two-way ANOVA

Lipid 0.040 0.030 0.030 0.672 0.225 0.461 0.006

Pantothenic acid 0.122 0.106 0.360 0.939 0.462 0.792 0.441

Interaction 0.223 0.194 0.754 0.728 0.806 0.882 0.886

Note: means and pooled SEM are presented for each parameter. Means in the same row with different superscripts are significantly different (P < 0:05). SGR:
specific growth rate ð%day−1Þ = ðLnWt − LnW0Þ × 100/day. CF: condition factor ð%Þ = body weight ðgÞ × 100/body length ðcmÞ3. VBR: viscera/body ratio ð%
Þ = visceraweight ðgÞ × 100/body weight ðgÞ. HSI: hepatosomatic index ð%Þ = liver weight ðgÞ × 100/body weight ðgÞ. DP: dressout percentage ð%Þ = carcass ð
with head and viscera removedÞweight ðgÞ × 100/body weight ðgÞ. MFI: mesenteric fat index ð%Þ =mesenteric fat weight ðgÞ × 100/body weight ðgÞ.
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protein content showed a significant decrease (P < 0:05)
(Table 4). No significant effects were observed on whole-
body ash and moisture contents of juvenile blunt snout
bream (P > 0:05). There was no significant interaction effect
on whole-body composition between PA supplementation
and lipid contents (P > 0:05).

3.3. Transmission Electron Microscope Images of Hepatocyte,
Nucleus, and Endoplasmic Reticulum (ER) Ultrastructure in
Blunt Snout Bream. As shown in Figures 1(a) and 1(b), fish
fed with diets containing 5% lipid demonstrated a normal
hepatocyte ultrastructure. Each hepatocyte had a large,
round nucleus centrally located within a moderate cyto-
plasm (Figure 1(a)). The nucleus was ovoid and contained
a prominent nucleus (Figure 1(b)). The endoplasmic reticu-
lum was well developed and often adjacent to the nucleus
(Figure 1(a)). Hepatocytes displayed dark, slender mito-
chondria with well-developed cristae and matrix
(Figure 1(b)). No significant differences were found between
the 5/24 and 5/240 groups. However, some abnormalities
were observed in livers of fish fed with diets containing
11% lipid. Hepatocytes exhibited many large, electron-
dense fat droplets (Figure 1(c)). These extensive intracellular
lipid droplets resulted in the displacement of the nucleus to
the cell margin and a loss of cytoplasm (Figure 1(d)). The
nucleus was atrophic and presented as a polygon
(Figure 1(c)). The endoplasmic reticulum developed poorly
and lost most of its ribosomes (Figure 1(d)). Disruption
was observed in all of the cellular membranes, including
plasma, mitochondria, and nuclear membranes. The mito-
chondria exhibited a loss of cristae and matrix, as well as
great hydropic changes of matrix density (Figure 1(f)).

3.4. Lipid Levels in Tissues and Plasma. To investigate the
lipid levels in the liver, muscle, and plasma of blunt snout

bream, we detected the total lipid content and the TG and
TCH concentration (Table 5). No significant (P > 0:05)
interaction effects between dietary lipid and PA were
observed. In the liver, we observed significantly higher levels
of total lipid, TG, and TCH in fish fed with 11% dietary lipid
(P < 0:05). The significantly higher levels of total lipid and
TCH were also found in the muscle. Plasma TG was signif-
icantly lower (P < 0:05). What is more, dietary PA supple-
mentation showed no significant (P > 0:05) effects on body
lipid level.

3.5. Fatty Acid Composition. The fatty acid composition of
the liver and muscle was presented in Table 6 and Table 7.
Fish fed with high-fat diets exhibited significantly (P < 0:05
) higher saturated fatty acids (SFA) and polyunsaturated
fatty acids (PUFA) than those fed with low-fat diets in the
liver, including C18:0, C20: 0, C18: 2n-6, and C20: 5n-
3(EPA) contents. On the contrary, monounsaturated fatty
acids (MFA) were significantly decreased (P < 0:05). Though
insignificant, PA supplementation showed a positive effect
on fatty acid synthesis (P > 0:05). Significant (P < 0:05)
interactions between dietary lipid and PA supplementation
were found on liver C18: 3n-6 and C22:5n-3 of blunt snout
bream.

In muscle, SFA and MUFA of C16: 1n-9 and C18: 1n-9
were significantly (P < 0:05) reduced when dietary lipid level
increased from 5% to 11%. Meanwhile, PUFA was signifi-
cantly increased due to C18: 2n-6, C18: 3n-3, and C18: 3n-
6 (P < 0:05), rather than DHA (P < 0:05). However, DHA
and EPA+DHA content was significantly decreased regard-
less of increased lipid level or PA supplementation. Signifi-
cant (P < 0:05) interactions between dietary lipid and PA
supplementation were found on muscle EPA, DHA, C22:
5n-3, and EPA+DHA of blunt snout bream, which also
showed negative effect with PA supplementation increased.

Table 4: Effects of different dietary pantothenic acid and lipid contents on whole-body composition of juvenile blunt snout bream.

Diets
Moisture (%) Protein (%) Lipid (%) Ash (%)

Lipid (%) Pantothenic acid (mg kg-1)

5
24 73.45 15.65 5.78 3.73

240 73.83 15.59 5.88 3.69

11
24 71.73 14.58 8.62 3.83

240 72.67 14.48 8.05 3.65

Pooled SEM 1.07 0.42 1.01 0.13

Means of main effect

Lipid levels

5 73.64 15.62a 5.83b 3.71

11 72.20 14.53b 8.34a 3.74

Pantothenic acid levels

24 72.59 15.12 7.20 3.78

240 73.25 15.04 6.97 3.67

Two-way ANOVA

Dietary lipid 0.059 0.003 0.004 0.693

Pantothenic acid supplementation 0.344 0.771 0.712 0.197

Interaction 0.679 0.958 0.610 0.432

Note: means and pooled SEM are presented for each parameter. Means in the same row with different superscripts are significantly different (P < 0:05).
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Figure 1: Continued.
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3.6. Liver Antioxidant Status. Oxidative stress parameters in
the liver were remarkably affected by the high-fat diet. As the
dietary lipid level increased from 5% to 11%, we found a sig-
nificant increase in the concentration of MDA, T-SOD,
CAT, and GSH-Px, whereas a decrease in the concentration
of GSH (P < 0:05) (Table 8). As dietary PA supplementation
increased, GSH-Px activity of the liver was significantly
decreased (P < 0:05), whereas the concentration of GSH sig-
nificantly increased. T-SOD, CAT, and MDA concentrations
showed a decreased tendency but without significance

(P > 0:05). No significant interaction effects were found on
antioxidant status between dietary lipid levels and PA sup-
plementation (P > 0:05).

3.7. Mitochondrial Status. Liver mitochondrial status of
blunt snout bream was affected by dietary lipid levels and
PA supplementation in Table 9. Mitochondrial protein,
cytochrome c, and NA+-K+-ATPase activity decreased sig-
nificantly (P < 0:05) as the dietary lipid levels increased,
whereas cytosolic cytochrome c showed an opposite

2 𝜇m

Nu
N

L

(e)

2 𝜇m

Nu
N

L

(f)

Figure 1: Transmission electron microscope images of blunt snout bream hepatocyte. Note: nucleus, mitochondria, and ER ultrastructure:
N (nucleus), L (lipid droplet), M (mitochondrion), ER (endoplasmic reticulum). (a) Hepatocytes of fish in 5/24 group with normal structure;
(b) hepatocytes of fish in 5/240 group with normal structure; (c, d) hepatocytes of fish in 11/24 group; (e, f) hepatocytes of fish in 11/240
group; bar = 2μm.

Table 5: Effects of different dietary pantothenic acid and lipid contents on tissues and plasma lipid levels of juvenile blunt snout bream.

Diets Liver Muscle Plasma
Lipid (%) Pantothenic acid (mg kg-1) TG (mg g-1) TCH (mg g-1) TG (mg g-1) TCH (mg g-1) TG (mmol L-1) TCH (mmol L-1)

5
24 33.21 1.85 0.42 0.27 7.14 2.49

240 34.41 2.13 0.45 0.27 7.09 2.22

11
24 45.59 3.43 0.5 0.35 5.65 2.08

240 48.06 3.06 0.49 0.32 5.58 2.16

Pooled SEM 6.22 0.27 0.10 0.03 0.89 0.32

Means of main effect

Lipid levels

5 33.81b 1.99b 0.44 0.27b 7.11a 2.36

11 46.83a 3.24a 0.49 0.34a 5.62b 2.12

Pantothenic acid levels

24 39.4 2.64 0.46 0.31 6.39 2.29

240 41.23 2.59 0.47 0.30 6.34 2.19

Two-way ANOVA

Dietary 0.009 0.001 0.399 0.013 0.026 0.268

Pantothenic acid 0.644 0.805 0.892 0.556 0.921 0.631

Interaction 0.871 0.084 0.776 0.516 0.992 0.404

Note: means and pooled SEM are presented for each parameter. Means in the same row with different superscripts are significantly different (P < 0:05).
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Table 6: Effects of different dietary pantothenic acid and lipid levels on liver fatty acid composition (% of total fatty acids) of juvenile blunt
snout bream.

Fatty acid composition (%
of total fatty acids)

Diets 5/24 5/240
11/
24

11/
240

Pooled
SEM

Lipid (%)
Pantothenic
acid (mg kg-

1)
Two-way ANOVA

5 11 24 240 Lipid
Pantothenic

acid
Interaction

C14:0 0.307 0.68 0.66 0.55 0.52 0.07 0.67a 0.54b 0.61 0.59 0.021 0.601 0.897

C16:0 12.481 14.04 13.94 14.62 14.43 0.66 13.99 14.52 14.33 14.19 0.223 0.736 0.911

C18:0 3.937 12.37 13.44 14.29 14.03 0.69 12.91b 14.16a 13.33 13.73 0.019 0.370 0.156

C20:0 0.922 0.11 0.11 0.14 0.15 0.02 0.11b 0.15a 0.13 0.13 0.004 0.842 0.654

ΣSFA1 17.744 27.43 28.49 29.90 29.41 1.15 27.67b 29.36a 28.40 28.64 0.040 0.743 0.342

C16:1n-9 0.640 2.83 2.71 1.85 1.84 0.27 2.77a 1.84b 2.34 2.28 0.001 0.723 0.750

C18:1n-9 23.462 41.22 40.24 32.95 34.66 1.97 40.73a 33.81b 37.08 37.45 0.001 0.769 0.298

C20:1n-9 0.073 1.32 1.23 1.01 1.07 0.07 1.27a 1.04b 1.17 1.15 0.001 0.674 0.134

ΣMUFA2 24.175 45.36 44.18 35.81 37.57 2.17 44.77a 36.69b 40.59 40.88 0.001 0.834 0.299

C18:2n-6 49.517 10.69 10.29 13.46 12.85 0.70 10.49b 13.16a 12.08 11.57 0.001 0.268 0.809

C18:3n-3 2.824 0.46 0.39 0.63 0.60 0.09 0.43b 0.62a 0.55 0.50 0.009 0.396 0.682

C18:3n-6 2.853 0.20a 0.23ab 0.27c 0.25bc 0.02 0.22 0.26 0.24 0.24 0.005 0.733 0.042

C20:5n-3 (EPA) 3.148 0.25 0.24 0.42 0.45 0.06 0.24b 0.44a 0.34 0.34 0.001 0.822 0.478

C22:5n-3 0.024 0.19a 0.17a 0.28b 0.35c 0.03 0.18 0.32 0.23 0.26 0.001 0.146 0.041

C22:6n-3 (DHA) 1.198 4.64 5.30 5.95 5.66 0.95 4.97 5.81 5.29 5.48 0.189 0.755 0.439

ΣPUFA3 55.565 16.43 16.62 21.01 20.17 1.01 16.53b 20.59a 18.72 18.39 0.001 0.611 0.432

EPA+DHA 4.347 4.89 5.54 6.37 6.12 0.99 5.21 6.24 5.63 5.83 0.128 0.755 0.480

Note: means and pooled SEM are presented for each parameter. Means in the same row with different superscripts are significantly different (P < 0:05).
1Saturated fatty acids. 2Monounsaturated fatty acids. 3Polyunsaturated fatty acids.

Table 7: Effects of different dietary pantothenic acid and lipid levels on muscle fatty acids composition (% of total fatty acids) of juvenile
blunt snout bream.

Fatty acid composition (%
of total fatty acids)

Diets 5/24
5/
240

11/24
11/
240

Pooled
SEM

Lipid (%)
Pantothenic
acid (mg kg-

1)
Two-way ANOVA

5 11 24 240 Lipid
Pantothenic

acid
Interaction

C14:0 0.307 0.50 0.52 0.48 0.46 0.03 0.51 0.47 0.49 0.49 0.076 0.788 0.400

C16:0 12.481 17.53 17.37 16.14 17.05 0.67 17.45 16.59 16.84 17.21 0.068 0.384 0.224

C18:0 3.937 7.40 6.41 6.23 6.50 0.66 6.91 6.37 6.82 6.46 0.221 0.400 0.158

C20:0 0.922 0.12 0.11 0.14 0.13 0.03 0.12 0.13 0.13 0.12 0.324 0.566 0.888

ΣSFA1 17.744 25.84 24.65 23.24 24.38 0.90 24.98a 23.57b 24.27 24.28 0.030 0.966 0.071

C16:1n-9 0.640 2.48 3.04 1.88 1.93 0.26 2.76a 1.90b 2.18 2.49 0.001 0.088 0.143

C18:1n-9 23.462 28.76 33.07 28.20 28.22 2.32 29.25a 28.21b 28.48 28.98 0.031 0.736 0.742

C20:1n-9 0.073 0.75 0.83 0.69 0.71 0.13 0.79 0.70 0.72 0.77 0.294 0.538 0.718

ΣMUFA2 24.175 31.99 33.62 30.77 30.85 2.35 32.80 30.81 31.38 32.23 0.204 0.568 0.606

C18:2n-6 49.517 18.92 21.39 26.76 25.59 1.34 20.16b 26.17a 22.84 23.49 0.001 0.452 0.057

C18:3n-3 2.824 0.96 1.14 1.35 1.50 0.07 1.05b 1.42a 1.15b 1.32a 0.001 0.004 0.742

C18:3n-6 2.853 0.27 0.27 0.36 0.33 0.03 0.27b 0.35a 0.32 0.30 0.009 0.534 0.391

C20:5n-3 (EPA) 0.148 0.73a 0.50c 0.60b 0.64b 0.03 0.62 0.62 0.66 0.57 0.824 0.001 0.001

C22:5n-3 0.024 0.51a 0.35b 0.47ba 0.44a 0.04 0.43 0.46 0.49 0.40 0.405 0.007 0.044

C22:6n-3 (DHA) 0.198 7.59a 5.52b 5.44b 5.13b 0.53 6.55 5.29 6.51 5.32 0.005 0.007 0.028

ΣPUFA3 55.565 28.97 29.18 34.98 33.62 1.83 29.07b 34.30a 31.98 31.40 0.002 0.619 0.506

EPA+DHA 0.347 8.31a 6.02b 6.04b 5.77b 0.54 7.17 5.91 7.18 5.90 0.005 0.005 0.016

Note: means and pooled SEM are presented for each parameter. Means in the same row with different superscripts are significantly different (P < 0:05).
1Saturated fatty acids. 2Monounsaturated fatty acids. 3Polyunsaturated fatty acids.
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variation trend (P < 0:05). Moreover, NA+-K+-ATPase activ-
ity was increased significantly with increased dietary PA
supplementation (P < 0:05). No significant differences were
observed in mitochondrial SDH activity (P > 0:05). There
was a significant interaction between dietary lipid and PA
supplementation on cytosolic cytochrome c (P < 0:05).

3.8. Liver Mitochondrial-Related Gene Expression Levels.
Results of liver mitochondrial COX1, COX2, ND1, CYTB,
and ATP6 gene expression levels were presented in
Table 10. There were no significant differences on mitochon-
drial genes COX1, COX2, ND1, CYTB, and ATP6 among
groups (P > 0:05). No significant interaction effects were

Table 8: Effects of different dietary pantothenic acid and lipid contents on hepatic antioxidant status of juvenile blunt snout bream.

Diets
T-SOD (U
mgPro-1)

CAT (U mgPro-
1)

GSH (nmol
mgPro-1)

GSH-Px (U
mgPro-1)

MDA (nmol
mgPro-1)Lipid (%)

Pantothenic acid
(mg kg-1)

5
24 96.86 48.69 10.00 33.86 8.50

240 102.925 46.95 11.26 26.86 7.36

11
24 127.81 65.02 6.97 47.20 16.66

240 121.25 60.55 8.51 41.79 14.62

Pooled SEM 13.07 5.11 0.74 4.83 1.15

Means of main effect

Lipid
levels

5 99.89b 47.82b 10.63a 30.36b 7.93b

11 129.53a 62.79a 7.74b 44.50a 15.64a

Pantothenic acid levels

24 112.33 56.86 8.48r 40.53q 12.58

240 117.08 53.75 9.89q 34.33r 10.99

Two-way ANOVA

Lipid 0.008 0.002 0.001 0.001 0.001

Pantothenic acid 0.587 0.364 0.022 0.027 0.311

Interaction 0.880 0.684 0.781 0.737 0.767

Note: means and pooled SEM are presented for each parameter. Means in the same row with different superscripts are significantly different (P < 0:05).

Table 9: Effects of different dietary pantothenic acid and lipid contents on mitochondrial status of juvenile blunt snout bream.

Diets
Mitochondrial protein
(mg g-1 wet tissue)

SDH1

(Umg-1

prot)

NA+-K+-ATPase
(Umg-1 prot)

Mitochondrial
cytochrome c (μg g-1

prot)

Cytosolic cytochrome
c (μg g-1 prot)

Lipid
(%)

Pantothenic
acid (mg kg-1)

5
24 4.09 0.13 9.18 44.43 13.73b

240 3.77 0.13 9.77 48.13 13.68b

11
24 2.32 0.12 6.91 24.89 15.93a

240 2.40 0.12 8.83 32.48 14.12b

Pooled SEM 0.43 0.02 0.65 5.93 0.56

Means of main effect

Lipid levels

5 3.93a 0.13 9.48a 46.28a 13.70

11 2.36b 0.12 7.87b 28.68b 15.02

Pantothenic acid levels

24 3.20 0.12 8.05r 34.66 14.83

240 3.08 0.12 9.30q 40.30 13.90

Two-way ANOVA

Lipid 0.001 0.459 0.005 0.004 0.004

Pantothenic acid 0.674 0.989 0.018 0.232 0.022

Interaction 0.490 0.925 0.157 0.667 0.028

Note: means and pooled SEM are presented for each parameter. Means in the same row with different superscripts are significantly different (P < 0:05). 1SDH:
succinate dehydrogenase.
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found on gene expression levels between dietary lipid levels
and PA supplementation (P > 0:05).

4. Discussion

The present study showed that high PA supplementation
level of 240mgkg-1 could improve lipid content accumu-
lated and oxidative damage induced by high dietary fat.
Lipids, as essential nutrients including phospholipids and
essential fatty acids, play an essential role in the growth
and development of various creatures [28]. The proper die-
tary lipid and protein ratio supports higher growth rates,
partly based on protein-sparing in many species, including
blunt snout bream [2]. However, the present study showed
that dietary 11% lipid significantly suppress the specific
growth rate of fish, which is similar to results obtained in
blunt snout bream, golden pompano (Trachinotus ovatus),
and largemouth bass (Micropterus salmoides) fed with 11%,
18%, and 18% fat diet, respectively [3, 26, 29, 30]. From
the perspective of energy utilization, a possible reason may
be that excessively high, dietary fat-driven energy intake
results in the imbalance of metabolism and uptake of other
nonlipid nutrients of fish [31, 32]. Higher condition factor,
mesenteric fat index, and whole-body crude lipid of fish
fed with 11% fat dietary also confirmed the explanation.
According to our previous study, the growth performance
came to a plateau when the dietary PA supplementation
level reached an optimal point of 24mgkg-1 at 5% fat and
31% protein level diet of blunt snout bream, and no adverse
effect was found between high-PA dietary (~64mg/kg) and
growth performance [11]. Though insignificance, the pres-
ent study still showed a better growth performance of fish
fed with high PA supplementation than that of fish fed with

low PA supplementation at 11% fat level, which might be
due to improved digestive enzyme activities caused by PA
supplementation [11]. In addition, grass carp and Bloch
(Channa punctatus) fed 38 and 28mgkg-1 PA diet, respec-
tively, have the highest growth performance, which
decreased as dietary PA supplementation increased [9, 33].
In this light, despite that the better growth performance of
blunt snout bream was observed in the present study (that
is, just tiny positive trend), the dose of 240mgkg-1 PA sup-
plementation is still higher for blunt snout bream fed with
11% fat diet. Considering different sensitivity among species
to pantothenic acid, the optimal PA supplementation diet on
blunt snout bream fed with an 11% diet needs further study.

As is well known, dietary lipid level is closely associated
with fish whole-body lipid content, and an excessive lipid
diet is generally accompanied with increased fat deposition
in the liver, viscera, and muscle [29, 34, 35]. The lipid
homeostasis of the liver is maintained by the uptake, secre-
tion, and transport of lipid. Previous studies suggested that
the blocking of hepatic lipid secretion makes the imbalance
between the secretion and uptake of lipid responsible for
hepatic lipid accumulation in rats and blunt snout bream,
respectively [4, 36]. In this study, the liver lipid content
was significantly higher in fish fed with a high-fat diet than
fish fed with a low-fat diet. These results indicated that the
ability to transport lipid out of the liver is attenuated, result-
ing in higher liver TG and TCH content after the intake of a
high-fat diet [4]. As lipids are absorbed from the gut and
transported to the liver for further processing, plasma TG
and TCH concentrations would be elevated after high-fat
feeding [4, 37]. Thus, the reduced plasma TG and TCH fur-
ther indicated that the capacity of endogenous lipid trans-
port out of the liver in fish fed with high-fat diets is

Table 10: Liver mitochondrial gene relative mRNA expression of different dietary pantothenic acid and lipid levels of juvenile blunt snout
bream.

Diets
COX1 COX2 ND1 CYT ATP6

Lipid % Pantothenic acid mg kg-1

5
24 1.10 1.04 1.06 1.04 1.02

240 1.05 1.02 1.89 1.41 1.24

11
24 1.37 1.11 2.89 0.91 0.81

240 1.14 0.95 1.89 1.51 0.90

Pooled SEM 0.41 0.37 0.83 0.39 0.26

Means of main effect

Lipid levels

5 1.07 1.03 1.48 1.22 1.13

11 1.26 1.03 2.39 1.21 0.85

PA levels

24 1.24 1.08 1.98 0.97 0.91

240 1.09 0.99 1.89 1.46 1.07

Two-way ANOVA

Dietary lipid 0.586 0.701 0.864 0.077 0.351

Pantothenic acid supplementation 0.482 0.997 0.112 0.950 0.128

Interaction 0.733 0.743 0.111 0.648 0.702

Note: COX1: cytochrome-c oxidase subunit 1; COX2: cytochrome-c oxidase subunit 2; ND1: NADH dehydrogenase subunit 1; CYTB: cytochrome b; ATP6:
ATP synthase subunit 6.
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weakened, resulting in liver fat deposition. Recently, many
studies have suggested that PA supplementation and its
derivatives can reduce plasma TG and TCH, but the effect
showed a dose specificity which is manifested as excess PA
supplementation inhibiting the lipid elimination [38–40].
In agreement with these data, the lipid content in the present
study was increased when dietary 240mg/kg PA supplemen-
tation is at 5% fat level, while lipid content was reduced
when dietary 240mg/kg PA supplementation is at 11% fat
level. In addition, increased liver DHA and EPA content
may be another factor to explain the attenuated synthesis
and secretion of triglycerides [41]. These results indicated
that dietary pantothenic acid can regulate lipid metabolism
in blunt snout bream fed with high-fat diet.

Generally, a high-fat diet is easier to generate more reac-
tive oxygen species (ROS) that cause oxidative stress and
oxidative destruction of cellular membranes [29, 42]. Fortu-
nately, fish have the enzymatic and nonenzymatic antioxi-
dant system, including SOD, CAT, glutathione peroxidase
(GSH-Px), and GSH, which have been confirmed to protect
cells and tissues against ROS [43]. However, the imbalance
between generation and elimination of ROS would lead to
the accumulation of MDA and other lipid peroxides. There-
fore, MDA content is considered as an indicator of lipid per-
oxidation [44]. In the present study, fish fed with a high-fat
diet showed higher liver antioxidant enzyme activities and
MDA content that indicated oxidant stress does occur and
activate the antioxidant system. On the contrary, regardless
of dietary lipid level, dietary high-PA supplementation
reduces liver oxidative damage and improves liver health,
as evidenced by lower MDA content. Consistently, dietary
PA supplementation enhanced the antioxidant defense capa-
bility of grass carp and white Pekin ducks, thereby reducing
liver oxidative damage [9, 45]. This beneficial effect of PA, as
an antioxidant, is attributed to its ability to protect the cell
by increasing glutathione level, promote cellular repair
mechanisms through CoA by potentiating synthesis of
membrane phospholipids, and directly scavenge ROS gener-
ation [11, 15, 33, 45, 46]. Moreover, the increased ability of
antioxidation and the decreased oxidation damage may be
another explanation for the improved growth performance.
As the antioxidant system is energy-consuming, liver mito-
chondria, where most cellular ROS is generated, play a crit-
ical role in the process [47]. However, long-term feeding of a
high-fat diet caused lipid deposition and nuclear polariza-
tion, resulting in damaging the functionality of the liver
and mitochondria, which agreed with previous research
finding in mice fed with HFD [48]. As the consequence of
structural and functional damages of cells and mitochondria,
a large amount of cytochrome c is released into the cyto-
plasm and eventually leads to mitochondrial dysfunction
and cell apoptosis which is manifested as ATP deficiency,
ROS stress exacerbation, and Na+/K+-ATPase activity inhi-
bition [12, 47, 49–51]. Dietary PA deficiency might cause
oxidative stress of juvenile blunt snout bream. Optimal PA
level could alleviate the cellular and/or molecular damages
caused by oxidative stress [11, 52].

Slyshenkov [53] studied that PA alleviated the
ultraviolet-induced decrease of glutathione content, dimin-

ished lipid peroxidation, and partly protected the cells
against apoptosis produced by ultraviolet irradiation. In the
present study, dietary high-PA supplementation decreased
lipid droplet accumulation in the liver and alleviated mito-
chondria structural and functional damages caused by a
high-fat diet, which may be explained by higher CoA con-
tent synthesized from PA [11]. Hence, sufficient ATP pro-
duced by oxidative phosphorylation in mitochondria of the
liver cell may support greater antioxidant status, which at
least is manifested as higher GSH content, less oxidative
damage, higher mitochondrial cytochrome c, and lower
cytosolic cytochrome c. Dietary PA may decrease lipid per-
oxidation caused by high-fat diet to maintain body lipid
content.

In conclusion, blunt snout bream fed with high-fat diets
showed poor growth performance, severe oxidant stress, and
enhanced lipid accumulation in tissues, while dietary PA
supplementation increased from 24mgkg-1 to 240mgkg-1

could alleviate these negative consequences by reducing lipid
deposition and improving energy utilization and antioxidant
ability. Though high dose showed a positive effect on allevi-
ating adverse effects caused by a high-fat diet, the optimal
dose of PA supplementation in an 11% fat level diet and
its mechanism still need further study.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Conflicts of Interest

The authors have no conflicts of interest to declare. All co-
authors have seen and agree with the contents of the manu-
script, and there is no financial interest to report.

Acknowledgments

This research was supported by the Shanghai Agriculture
Applied Technology Development Program (grant no.
G20190301) of China.

References

[1] Z. Y. Du, Y. J. Liu, L. X. Xian, J. T. Wang, Y. Wang, and G. Y.
Liang, “Effect of dietary lipid level on growth, feed utilization
and body composition by juvenile grass carp (Ctenopharyn-
godon idella),” Aquaculture Nutrition, vol. 11, no. 2, pp. 139–
146, 2005.

[2] X. Li, Y. Jiang, W. Liu, and X. Ge, “Protein-sparing effect of
dietary lipid in practical diets for blunt snout bream (Megalo-
brama amblycephala) fingerlings: effects on digestive and met-
abolic responses,” Fish Physiology and Biochemistry, vol. 38,
no. 2, pp. 529–541, 2012.

[3] J. Li, D. Zhang, W.-N. Xu et al., “Effects of dietary choline sup-
plementation on growth performance and hepatic lipid trans-
port in blunt snout bream (Megalobrama amblycephala) fed
high- fat diets,” Aquaculture, vol. 434, pp. 340–347, 2014.

[4] K.-L. Lu, W.-N. Xu, X. Li, W. Liu, L.-N. Wang, and C. Zhang,
“Hepatic triacylglycerol secretion, lipid transport and tissue

11Aquaculture Nutrition



lipid uptake in blunt snout bream (Megalobrama amblyce-
phala) fed high-fat diet,” Aquaculture, vol. 408-409, pp. 160–
168, 2013.

[5] X. Li, W. Liu, Y. Jiang, H. Zhu, and X. Ge, “Effects of dietary
protein and lipid levels in practical diets on growth perfor-
mance and body composition of blunt snout bream (Megalo-
brama amblycephala) fingerlings,” Aquaculture, vol. 303,
no. 1-4, pp. 65–70, 2010.

[6] National Research Council, “Nutrient requirement of fish and
shrimp,” vol. 376, National Academic Press, Washington, DC,
2011.

[7] C. M. Smith and W. O. Song, “Comparative nutrition of pan-
tothenic acid,” Journal of Nutritional Biochemistry, vol. 7,
no. 6, pp. 312–321, 1996.

[8] W. J. Song and S. Jackowski, “Cloning, sequencing and expres-
sion of the pantothenate kinase (CoaA) gene of Escherichia coli,”
Journal of Bacteriology, vol. 174, no. 20, pp. 6411–6417, 1992.

[9] L. Li, L. Feng, W.-D. Jiang et al., “Dietary pantothenic acid
deficiency and excess depress the growth, intestinal mucosal
immune and physical functions by regulating NF-κB, TOR,
Nrf2 and MLCK signaling pathways in grass carp (Cteno-
pharyngodon idella),” Fish and shellfish immunology, vol. 45,
no. 2, pp. 399–413, 2015.

[10] Y.-H. Lin, H.-Y. Lin, and S.-Y. Shiau, “Estimation of dietary
pantothenic acid requirement of grouper, Epinephelus mala-
baricus according to physiological and biochemical parame-
ters,” Aquaculture, vol. 324-325, pp. 92–96, 2012.

[11] Y. Qian, X. Li, D. Zhang, D. Cai, H.-Y. Tian, and W. Liu,
“Effects of dietary pantothenic acid on growth, intestinal func-
tion, anti-oxidative status and fatty acids synthesis of juvenile
blunt snout bream Megalobrama amblycephala,” PLoS One,
vol. 10, no. 3, article e0119518, 2015.

[12] V. Borutaite, A. Budriunaite, R. Morkuniene, and G. C. Brown,
“Release of mitochondrial cytochrome c and activation of
cytosolic caspases induced by myocardial ischaemia,” Biochi-
mica et Biophysica Acta (BBA) - Molecular Basis of Disease,
vol. 1537, no. 2, pp. 101–109, 2001.

[13] S. Javadov, M. Karmazyn, and N. Escobales, “Mitochondrial
permeability transition pore opening as a promising therapeu-
tic target in cardiac diseases,” The Journal of Pharmacology
and Experimental Therapeutics, vol. 330, no. 3, pp. 670–678,
2009.

[14] W. Qian, M. Nishikawa, A. M. Haque et al., “Mitochondrial
density determines the cellular sensitivity to cisplatin-
induced cell death. American journal of physiology,” Cell
Physiology, vol. 289, no. 6, pp. C1466–C1475, 2005.

[15] V. S. Slyshenkov, M. Rakowska, A. G. Moiseenok, and
L. Wojtczak, “Pantothenic acid and its derivatives protect ehr-
lich ascites tumor cells against lipid peroxidation,” Free Radi-
cal Biology and Medicine, vol. 19, no. 6, pp. 767–772, 1995.

[16] V. S. Slyshenkov, D. Dymkowska, and L. Wojtczak, “Pantothe-
nic acid and pantothenol increase biosynthesis of glutathione
by boosting cell energetics,” FEBS Letters, vol. 569, no. 1-3,
pp. 169–172, 2004.

[17] L. Wojtczak and V. S. Slyshenkov, “Protection by pantothenic
acid against apoptosis and cell damage by oxygen free radi-
cals—the role of glutathione,” BioFactors, vol. 17, no. 1-4,
pp. 61–73, 2003.

[18] AOAC, Official Methods of Analysis of Official Analytical
Chemists International, Association of Official Analytical
Chemists, Arlington, VA, 16th edition, 1995.

[19] B. Lygren, K. Hamre, and R. Waagbø, “Effects of dietary pro-
and antioxidants on some protective mechanisms and health
parameters in Atlantic salmon,” Journal of Aquatic Animal
Health, vol. 11, no. 3, pp. 211–221, 1999.

[20] R. K. Suarez and P. W. Hochachka, “Preparation and proper-
ties of rainbow trout liver mitochondria,” Journal of Compar-
ative Physiology, vol. 143, no. 2, pp. 269–273, 1981.

[21] X. Sun, H. Pan, H. Tan, and Y. Yu, “High free fatty acids level
related with cardiac dysfunction in obese rats,” Diabetes
Research and Clinical Practice, vol. 95, no. 2, pp. 251–259,
2012.

[22] G. H. Philip, P. M. Reddy, and G. Sridevi, “Cypermethrin-
induced in vivo alterations in the carbohydrate metabolism
of freshwater fish, Labeo rohita,” Ecotoxicology and Environ-
mental Safety, vol. 31, no. 2, pp. 173–178, 1995.

[23] S. D. McCormick, B. T. Björnsson, M. Sheridan, C. Eilerlson,
J. B. Carey, and M. O’dea, “Increased daylength stimulates
plasma growth hormone and gill Na+, K+-ATPase in Atlantic
salmon (Salmo salar),” Journal of Comparative Physiology B,
vol. 165, no. 4, pp. 245–254, 1995.

[24] O. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall,
“Protein measurement with the Folin phenol reagent,” Journal
of Biological Chemistry, vol. 193, no. 1, pp. 265–275, 1951.

[25] J. Folch, M. Lees, and G. S. Stanley, “A simple method for the
isolation and purification of total lipides from animal tissues,”
Journal of Biological Chemistry, vol. 226, no. 1, pp. 497–509, 1957.

[26] W.-N. Xu, Y. Qian, X. Li et al., “Effects of dietary biotin on
growth performance and fatty acids metabolism in blunt snout
bream, Megalobrama amblycephala fed with different lipid
levels diets,” Aquaculture, vol. 479, pp. 790–797, 2017.

[27] K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real time quantitive PCR and the
2−ΔΔCT Method,” Methods, vol. 25, no. 4, pp. 402–408, 2001.

[28] J. Sargent, G. Bell, L. McEvoy, D. Tocher, and A. Estevez,
“Recent developments in the essential fatty acid nutrition of
fish,” Aquaculture, vol. 177, no. 1-4, pp. 191–199, 1999.

[29] Y. Li, S. Liang, Y. Shao et al., “Impacts of dietary konjac gluco-
mannan supplementation on growth, antioxidant capacity,
hepatic lipid metabolism and inflammatory response in golden
pompano (Trachinotus ovatus) fed a high fat diet,” Aquacul-
ture, vol. 545, p. 737113, 2021.

[30] P. Yin, S. Xie, Z. Zhuang et al., “Chlorogenic acid improves
health in juvenile largemouth bass (Micropterus salmoides)
fed high-fat diets: involvement of lipid metabolism, antioxi-
dant ability, inflammatory response, and intestinal integrity,”
Aquaculture, vol. 545, p. 737169, 2021.

[31] T. Ding, N. Xu, Y. Liu et al., “Effect 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) fed
high-lipid diets,” Aquaculture, vol. 518, p. 734768, 2020.

[32] S. J. Kaushik and F. Médale, “Energy requirements, utilization
and dietary supply to salmonids,” Aquaculture, vol. 124, no. 1-
4, pp. 81–97, 1994.

[33] S. Zehra and M. A. Khan, “Dietary pantothenic acid require-
ment of fingerling Channa punctatus (Bloch) based on growth,
feed conversion, liver pantothenic acid concentration and car-
cass composition,” Aquaculture Nutrition, vol. 24, no. 5,
pp. 1436–1443, 2018.

[34] W. Li, X. Wen, J. Zhao, S. Li, and D. Zhu, “Effects of dietary
protein levels on growth, feed utilization, body composition

12 Aquaculture Nutrition



and ammonia–nitrogen excretion in juvenile Nibea dia-
canthus,” Fisheries Science, vol. 82, no. 1, pp. 137–146, 2016.

[35] J.-T. Wang, Y.-J. Liu, L.-X. Tian et al., “Effect of dietary lipid
level on growth performance, lipid deposition, hepatic lipo-
genesis in juvenile cobia (Rachycentron canadum),” Aquacul-
ture, vol. 249, no. 1-4, pp. 439–447, 2005.

[36] E. A. Karavia, D. J. Papachristou, I. Kotsikogianni, I.-
E. Triantafyllidou, and K. E. Kypreos, “Lecithin/cholesterol
acyltransferase modulates diet-induced hepatic deposition of
triglycerides in mice,” The Journal of Nutritional Biochemistry,
vol. 24, no. 3, pp. 567–577, 2013.

[37] G. Schonfeld, B. W. Patterson, D. A. Yablonskiy et al., “Fatty
liver in familial hypobetalipoproteinemia: triglyceride assem-
bly into VLDL particles is affected by the extent of hepatic ste-
atosis,” Journal of Lipid Research, vol. 44, no. 3, pp. 470–478,
2003.

[38] J. C. Hsu, K. Tanaka, S. Ohtani, and C. M. Collado, “Effects of
pantethine supplementation to diets with different energy
cereals on hepatic lipogenesis of laying hens1,” Poultry Science,
vol. 66, no. 2, pp. 280–288, 1987.

[39] B. Wang, X. Zhang, B. Yue et al., “Effects of pantothenic acid
on growth performance, slaughter performance, lipid metabo-
lism, and antioxidant function of Wulong geese aged one to
four weeks,” Animal nutrition (Zhongguo xu mu shou yi xue
hui), vol. 2, no. 4, pp. 312–317, 2016.

[40] Y. H. Yang and C. L. Xiao, “The function and synthetic biology
of pantothenic acid,” Chem Life, vol. 28, no. 4, pp. 448–452,
2008.

[41] M. A. Kjaer, A. Vegusdal, T. Gjøen, A. C. Rustan,
M. Todorcević, and B. Ruyter, “Effect of rapeseed oil and die-
tary n-3 fatty acids on triacylglycerol synthesis and secretion
in Atlantic salmon hepatocytes,” Biochimica et Biophysica
Acta, vol. 1781, no. 3, pp. 112–122, 2008.

[42] M. Jin, T. Pan, X. Cheng et al., “Effects of supplemental dietary
l-carnitine and bile acids on growth performance, antioxidant
and immune ability, histopathological changes and inflamma-
tory response in juvenile black seabream (Acanthopagrus
schlegelii) fed high-fat diet,” Aquaculture, vol. 504, pp. 199–
209, 2019.

[43] M. A. Farooq, A. K. Niazi, J. Akhtar et al., “Acquiring control:
the evolution of ROS-induced oxidative stress and redox sig-
naling pathways in plant stress responses,” Plant Physiology
and Biochemistry, vol. 141, pp. 353–369, 2019.

[44] M. Koruk, S. Taysi, M. C. Savas, O. Yimaz, F. Akcay, and
M. Karakok, “Oxidative stress and enzymatic antioxidant sta-
tus in patients with nonalcoholic steatohepatitis,” Annals of
Clinical & Laboratory Science, vol. 34, no. 1, pp. 57–62, 2004.

[45] J. Tang, B. Zhang, S. Liang et al., “Effects of pantothenic acid
on growth performance and antioxidant status of growing
male white Pekin ducks,” Poultry Science, vol. 99, no. 9,
pp. 4436–4441, 2020.

[46] Q. Ma, M. Liang, X. Tang, F. Luo, and C. Dou, “Vitamin B5
inhibit RANKL induced osteoclastogenesis and ovariectomy
induced osteoporosis by scavenging ROS generation,” Ameri-
can Journal of Translational Research, vol. 8, no. 11,
pp. 5008–5018, 2019.

[47] Y. Yan, A. P. Shapiro, S. Haller et al., “Involvement of reactive
oxygen species in a feed-forward mechanism of Na/K-
ATPase-mediated signaling transduction,” Journal of Biologi-
cal Chemistry, vol. 288, no. 47, pp. 34249–34258, 2013.

[48] C.-C. Su, C.-S. Chang, C.-H. Chou et al., “L-carnitine amelio-
rates dyslipidemic and hepatic disorders induced by a high-
fat diet via regulating lipid metabolism, self-antioxidant capac-
ity, and inflammatory response,” Journal of Functional Foods,
vol. 15, pp. 497–508, 2015.

[49] L. Liu, J. Li, J. Liu et al., “Involvement of Na+/K+-ATPase in
hydrogen peroxide-induced hypertrophy in cardiac myo-
cytes,” Free Radical Biology & Medicine, vol. 41, no. 10,
pp. 1548–1556, 2006.

[50] X. Liu, C. N. Kim, J. Yang, R. Jemmerson, and X. Wang,
“Induction of apoptotic program in cell-free extracts: require-
ment for dATP and cytochrome c,” Cell, vol. 86, no. 1, pp. 147–
157, 1996.

[51] J. Yang, X. Liu, K. Bhalla et al., “Prevention of apoptosis by Bcl-
2: release of cytochrome c from mitochondria blocked,” Sci-
ence, vol. 275, no. 5303, pp. 1129–1132, 1997.

[52] G. W. Winston and R. T. Di Giulio, “Prooxidant and antioxi-
dant mechanisms in aquatic organisms,” Aquatic Toxicology,
vol. 19, no. 2, pp. 137–161, 1991.

[53] V. S. Slyshenkov, K. Piwoka, E. Sikora, and L. Wojtczak, “Pan-
tothenic acid protects jurkat cells against ultraviolet light-
induced apoptosis,” Free Radical Biology and Medicine,
vol. 30, no. 11, pp. 1303–1310, 2001.

13Aquaculture Nutrition


	Effects of Pantothenic Acid on Growth Performance, Oxidative Stress, and Lipid Content in High-Fat-Fed Megalobrama amblycephala
	1. Introduction
	2. Material and Methods
	2.1. Diets
	2.2. Fish and Feeding Trial
	2.3. Sample Collection
	2.4. Proximate Composition Analysis
	2.5. Determination of Oxidative Stress Parameters in the Liver
	2.6. Isolation of Liver Mitochondrial and Cytoplasmic Fractions
	2.7. Tissue Lipid Concentration and Fatty Acid Composition
	2.8. Total RNA Extraction, Reverse Transcription, and Real-Time PCR
	2.9. Statistical Analysis

	3. Results
	3.1. Growth Performance
	3.2. Whole-Body Composition
	3.3. Transmission Electron Microscope Images of Hepatocyte, Nucleus, and Endoplasmic Reticulum (ER) Ultrastructure in Blunt Snout Bream
	3.4. Lipid Levels in Tissues and Plasma
	3.5. Fatty Acid Composition
	3.6. Liver Antioxidant Status
	3.7. Mitochondrial Status
	3.8. Liver Mitochondrial-Related Gene Expression Levels

	4. Discussion
	Data Availability
	Conflicts of Interest
	Acknowledgments

