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Simple Summary: Dietary lipids are the main source of energy for the development of fish larvae,
and an adequate supply of essential fatty acids is essential for rapidly growing larvae. Mirror
carp (Cyprinus carpio) has been cultivated widely because of its advantages of a fast growth rate,
strong disease resistance, and high feed conversion rate. In this study, mirror carp larvae were fed
iso-nitrogen (approximately 33% dietary protein) diets with different lipid levels (3%, 5%, 7%, 9%,
11%, and 13%), and the weight gain rate, serum lipid-related indices, muscle amino acid and fatty
acid contents, liver lipid deposition, antioxidant enzyme activity, and expression of genes related to
growth and fat metabolism were determined in different experimental groups. The optimal dietary
lipid requirement of the mirror carp cultivar (6.86 ± 0.95 g) was 9%. This study provides data for
improving the breeding of new common carp varieties with unsaturated fatty acids.

Abstract: In fish, increasing the crude lipid level of feed can save protein and improve feed utilization.
Mirror carp (Cyprinus carpio) is one of the most widely farmed fish species in the world. In this study,
mirror carp larvae were fed isonitrogenous diets with different lipid levels (3%, 5%, 7%, 9%, 11%, and
13%). The rearing trial lasted for eight weeks. The results revealed that when the fat content was 9%,
the AWGR, WGR, and FCR were highest, whereas FCR was lowest. The AWGR was correlated with
the dietary lipid level, and the regression equation was y = −2.312x2 + 45.01x + 214.49. Compared
with those in the control group, the T-CHO and TG contents were significantly greater in the 13% lipid
content groups and significantly lower in the 9% lipid content groups (p < 0.05). In terms of muscle
quality, the contents of MUFAs, PUFAs, and DHA + EPA were significantly greater than those in the
other experimental groups (p < 0.05). Oil red O staining revealed a lipid content of 13% with severe
fat deposition. In addition, the results of the analysis of antioxidant enzyme activity revealed that the
activities of GSH, CAT and T-AOC were significantly greater at the 9% lipid content, and that the
MDA content was significantly greater at the 13% lipid content (p < 0.05). Similarly, the mRNA levels
of GH, IGF-I, FAS, and LPL were significantly highest at a lipid level of 9% (p < 0.05). The above results
revealed that the optimal dietary lipid requirement for the fast growth of mirror carp (6.86 ± 0.95 g)
was 9.74% on the basis of nonlinear regression analysis of the AWGR. The dietary lipid level (9%)
improved the growth, stress resistance, and lipid utilization of mirror carp to a certain extent.

Keywords: mirror carp; dietary lipids; weight gain rate; serum lipid-related indices; DHA + EPA;
antioxidant enzyme activity
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1. Introduction

With the rapid development of the aquaculture industry, problems such as protein
source shortages and nutrient imbalances in diets have occurred. Many scholars have
reported that fat can be used as a preferred energy source and that increasing the crude
lipid level of feed can save protein and improve feed utilization [1–3]. Dietary lipids can
provide cells with fatty acids, cholesterol, and phospholipids, which help cells maintain
normal structure and function [4]. However, the need for and ability to use fat are limited
by the physiological conditions of fish, and long-term consumption of high-fat feed causes
fat metabolism disorders and a decrease in meat quality, which severely affects the health
of fish [5,6]. As an important organ of lipid metabolism, the liver is very sensitive to dietary
lipids. Previous studies have shown that a high-fat diet can lead to lipid accumulation and
affect the metabolic function of the liver [7,8]. Previous studies have shown that appropriate
lipid levels can promote growth and protein utilization, but excess lipids impair growth and
lead to lipid accumulation, especially in the liver [9,10]. In addition, studies have shown
that fish growth is related to the regulation of growth hormone (GH), insulin-like growth factor
I (IGF-I) mRNA expression [11,12]. Fat deposition is also regulated by the expression of
related genes, such as lipoprotein lipase (LPL) and fatty acid synthase (FAS) [13,14]. Thus, the
lipid content of the feed must be set at a reasonable level to meet the needs of the fish. In
addition, increasing lipid levels and appropriately reducing protein levels are effective
ways to address the shortage of protein resources in the aquaculture industry.

Fish are good sources of highly unsaturated fatty acids (HUFAs) in the human diet. In
fish, the lipids in the feed can both supply the energy of the fish and provide the essential
fatty acids for the body. In general, the content of essential fatty acids in the muscle of
freshwater fish is low, and it is more easily affected by changes in dietary lipid content [15].
In Nile tilapia (Oreochromis niloticus), muscles from which more fish oil was added to the
experimental diet contained more DHA and EPA than did those from the control diet
group [16]. Similar results were reported for Atlantic salmon (Salmo salar) [17]. These
findings support the rationale of using sustainable raw materials rich in polyunsaturated
fatty acids for feed production in fish.

Common carp are the third most widely farmed freshwater fish in the world and
have extremely high economic value [18]. Mirror carp is an increasingly larger proportion
of production due to its advantages of a fast growth rate, strong disease resistance, and
high feed conversion rate [19,20]. To determine the optimal dietary lipid levels, this study
investigated the effects of dietary lipid levels on the growth performance, unsaturated fatty
acid content, liver lipid deposition, serum biochemical indices, antioxidant capacity, and
expression of genes involved in lipid metabolism of the mirror carp. This study provides
data for improving the breeding of new common carp varieties with unsaturated fatty acids.

2. Materials and Methods
2.1. Experimental Diets

The feed formula used in this study was designed according to the feed formula of
common carp (GB/T 36782-2018, 2019) [21]. In the diet, fish meal was the main protein
source, and fish oil and soybean oil were the main fat sources. Six different diets with 3%,
5%, 7%, 9%, 11%, 13%, and 15% lipid content with approximately 33% dietary protein were
fed to the mirror carp. The lipid gradient was regulated with microcrystalline cellulose
(Table 1). The solid material was ground into powder and mixed, and fish oil, soybean oil,
and water were added. Particles with a diameter of 2 mm were produced by a laboratory
pellet machine. After the particles were dried at 60 ◦C for 5 h, all the feed was stored in
plastic-lined bags at −20 ◦C.
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Table 1. Composition of the experimental diet (air-dry matter, %).

Ingredient Lipid Content
3% 5% 7% 9% 11% 13%

Rapeseed meal 1 11.20 11.20 11.20 11.20 11.20 11.20
Soybean meal 1 37.00 37.00 37.00 37.00 37.00 37.00

Fish meal 1 15.00 15.00 15.00 15.00 15.00 15.00
Soybean oil 0.55 1.57 2.60 3.61 4.64 5.65

Fish oil 0.55 1.58 2.59 3.62 4.63 5.66
Cornstarch 7.00 7.00 7.00 7.00 7.00 7.00

Wheat middling 1 15.00 15.00 15.00 15.00 15.00 15.00
Dicalcium phosphate 1.50 1.50 1.50 1.50 1.50 1.50

Microcrystalline cellulose 10.30 8.25 6.21 4.17 2.13 0.09
Vitamin premix 2 0.50 0.50 0.50 0.50 0.50 0.50

Trace mineral premix 2 0.50 0.50 0.50 0.50 0.50 0.50
Choline chloride 0.30 0.30 0.30 0.30 0.30 0.30

Methionine 0.30 0.30 0.30 0.30 0.30 0.30
Threonine 0.30 0.30 0.30 0.30 0.30 0.30

Total 100.00 100.00 100.00 100.00 100.00 100.00
Proximate composition

Crude protein 32.76 32.87 33.11 33.09 33.12 33.24
Crude lipid 3.07 4.93 7.09 9.05 10.91 13.10

Total Phosphorus 1.26 1.25 1.23 1.28 1.26 1.24
Lysine 1.97 1.94 1.98 1.95 1.93 1.97

Note: 1 Proximate composition: rapeseed meal (crude protein, 38%; crude lipid, 3.8%); soybean meal (crude
protein, 46%;crude lipid, 1.5%), fish meal (crude protein, 65%; crude lipid, 4.85%); wheat middling (crude protein,
13%; crude lipid, 1.2%). 2 Proximate composition: vitamin premix (VA, 8000IU; VB1, 15 mg; VB2, 30 mg; VB6,
10 mg; VB12, 1 mg; VC, 100 mg; VD3, 3000IU; VE, 100 mg; VK3, 5 mg); trace mineral premix (nicotinamide,
175 mg; d-biotin, 2 mg; inositol, 800 mg; folic acid, 6 mg; pantothenic acid, 50 mg; Cu, 3 mg; Fe, 30 mg; Mn, 13 mg;
I, 0.8 mg; Zn, 65 mg).

2.2. Experimental Design and Feeding Management

All animal procedures in this study were conducted according to the guidelines
for the care and use of laboratory animals of the Heilongjiang River Fisheries Research
Institute of the Chinese Academy of Fishery Sciences (CAFS). The studies involving animals
were reviewed and approved by the Committee for the Welfare and Ethics of Laboratory
Animals of the Heilongjiang River Fisheries Research Institute, CAFS (approval code:
2019-03-15). The experimental fish used in this study were one-year-old mirror carp,
which were obtained from the Kuandian Fisheries Experiment Station of Heilongjiang
River Fisheries Research Institute of the Chinese Academy of Fishery Sciences. Before the
experiment, the mirror carp were temporarily raised for two weeks and fed commercial
feed at the appropriate feed level so that they could fully adapt to the feeding environment.
Healthy mirror carp (n = 216, 6.86 ± 0.95 g) were randomly placed into 18 aquariums
(50 cm × 50 cm × 20 cm) and 6 experimental groups, with three replicates in each group.
The rearing trial lasted for eight weeks. The feeding amount was 3% of the body weight
(3 times a day). The water was changed three times a day (1/3 of the aquarium volume),
and the temperature difference during the water change was controlled within 2 ◦C.

2.3. Sample Collection

After the trial and fasting for 24 h, fish anesthetic (MS-222, 100 mg/L; Beijing Green
Hengxing Biological Technology Co., Beijing, China) was used to anaesthetize the exper-
imental fish. The body weights of 12 common carp from each experimental group were
measured, 9 of which were selected for tissue collection. Blood was collected from the tail
vein, placed in a centrifuge tube, kept at 4 ◦C for 1–2 h, and centrifuged at 3500 r/min
for 10 min. The upper serum was drawn, dispensed into centrifuge tubes, and placed
at −20 ◦C for use in the determination of serum biochemical indicators. The liver and
intestine were collected from the fish, mixed with samples, and placed in a −80 ◦C freezer
for the determination of corresponding indicators.
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2.4. Fish Performance

In this study, the relative weight gain rate (WGR), absolute weight gain rate (AWGR),
protein efficiency ratio (PER), and feed conversion ratio (FCR) were used to evaluate the
growth performance of each experimental group. The WGR rates and AGRw rates were
calculated according to the following formulas:

WGR (g/g) = (Wx + 1 − Wx)/Wx; (1)

AWGR (g/d) = (Wx + 1 − Wx)/(tx + 1 − tx); (2)

PER (%) = 100 × (Wx + 1 − Wx)/P (3)

FCR (%) = F/(Wx + 1 − Wx) (4)

In the above formula, Wx represents the initial body weight (g), Wx + 1 represents
the final body weight (g), t represents the interval (d) between the two sampling periods,
P represents the intake of feed crude protein content (g), and F represents the dry weight of
feed intake (g).

2.5. Indicator Determination

The approximate composition of the experimental fish pellet diet and muscle were
assessed according to the standard procedure of the AOAC [22]. A vacuum freeze dryer
(FD-1A-50, Yuming, Beijing, China) was used to determine the muscle moisture content
of the experimental fish. The crude protein content in the muscle of the experimental
fish was determined via the Kjeldahl method (GB 5009.5) [23]. The Soxhlet extraction
method (GB5009.6) [24] was used to determine the crude lipid content of the muscle
in the experimental fish. Chromatography (1260 and 7890 A, Agilent, Santa Clara, CA,
USA) was used to determine the amino acid composition in the muscle, with tryptophan
determined by alkaline hydrolysis (laboratory method) and other amino acids determined
by acid hydrolysis (GB5009.124) [25]. The fatty acid contents were determined via gas
chromatography–mass spectrometry (7890B-5977A, Agilent, Santa Clara, CA, USA). After
the intestinal and liver tissues were statically ground and mixed with normal saline (1:9)
in a low-temperature environment, the supernatants were assayed for intestinal digestive
enzyme activities and liver antioxidant indicators. The crude ash content was determined
by burning the sample to a constant weight at 550 ◦C. Liver antioxidant indices, including
total protein (TP, A045-2, Coomassie brilliant blue method), lysodeikticus (CAT, A007-1-
1, ammonium molybdate method), total antioxidant capacity (T-AOC, A015-2-1, ABTS
method) activity glutathione (GSH, A006-2-1, microplate method), and malondialdehyde
(MDA, A003-1, thiobarbituric acid method) content, were determined via enzyme activity
detection kits (Jiancheng, Nanjiang, China). Serum biochemical indicators, including TP
(105-000451-00), total cholesterol (T-CHO) (105-000448-00), triglyceride (TG, 105-000449-00),
high-density lipoprotein (HDL, 105-000463-00), low-density lipoprotein (LDL, 105-000464-
00), and glucose (GLU, 105-000949-00), which were purchased from Mindray (Shenzhen,
China) were determined via immunoturbidimetry, and all indicators were measured via
a biochemical analyzer (BS350E, Mindray, Shenzhen, China). There were 9 fish in each
experimental group in this study.

2.6. Oil Red O Stain

The liver tissues of each group of experimental fish were fixed with 4% paraformalde-
hyde, dehydrated with sucrose, and frozen slices (longitudinal cutting) were prepared via
a frozen slicing mechanism (Cryostar Nx50, Thermo Fisher Scientific, Waltham, MA, USA).
Afterward, the samples were allowed to dry at room temperature for approximately 15 min.
The sections were stained with saturated oil red O solution for 8–10 min (in the dark, covered).
The mixture was differentiated with two cylinders of 60% isopropyl alcohol for approximately
10 s and then gently soaked in distilled water. The slices were removed, incubated for 3 s,
dipped in hematoxylin for 3–5 min, and soaked in 3 tanks of pure water for 5 s, 10 s, and
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30 s, respectively. The differentiation solution was differentiated for 2–8 s, distilled water was
added for 10 s in each tank, and blue solution was added for 1 s in each tank. The slices were
gently immersed in the tap water of the two tanks for 5 s and 10 s, and the staining effect was
examined via microscopy (BX53, Thermo Fisher Scientific, Waltham, MA, USA).

2.7. RNA Isolation and Real-Time Polymerase Chain Reaction (RT–PCR)

RNA was extracted from the liver tissue of all the fish. Total RNA was extracted
from common carp tissues via the RNeasy Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. The integrity and quality of the RNA were analyzed
via 1.5% agarose gel electrophoresis. The purity of the RNA was determined via UV
spectrophotometry. The OD260:280 ratio for all the RNA samples was between 1.8 and 2.0.
cDNA was synthesized from 1 µg of total RNA via the PrimeScript™ RT Reagent Kit with
the gDNA Eraser (TaKaRa, Beijing, China) according to the manufacturer’s instructions.
Specific primers (Table 2) were obtained via Primer Premier 5.0. RT–qPCR was performed
according to the TB Green™ Premix Ex Taq™ II (TaKaRa, Beijing China) instructions
via an ABI7500 system (Life Technologies, Carlsbad, CA, USA). The primer specificity
was confirmed by dissociation curve analysis. Beta-actin (β-actin) was used as an internal
reference gene. β-actin has been reported to be the most suitable reference gene in mirror
carp [26,27], and its expression remained highly stable across the samples. Double-distilled
water was used instead of the template as the negative control. The relative gene expression
levels of GH, IGF-I, FAS, and LPL were determined via the 2 (−∆∆CT) method [28]. The
primers used in this study are shown in Supplementary Table S1. At least three replicates
per experimental group were used.

Table 2. Effects of dietary lipid levels on the growth performance of Cyprinus carpio.

Lipid Content

3% 5% 7% 9% 11% 13%

Initial body weight (g) 7.09 ± 0.19 7.17 ± 0.39 6.89 ± 0.08 6.52 ± 0.40 6.95 ± 0.30 6.77 ± 0.26
Final body weight (g) 31.33 ± 4.14 a 32.67 ± 0.21 b 34.81 ± 0.22 ab 37.74 ± 3.07 ab 34.50 ± 2.85 ab 34.82 ± 3.03 ab

Absolute weight gain rate
(AWGR, %) 341.89 ± 24.32 c 357.01 ± 25.52 c 405.06 ± 8.84 b 482.15 ± 83.72 a 396.36 ± 36.93 b 414.94 ± 54.17 b

Relative weight gain rate
(WGR, g/d) 0.47 ± 0.01 b 0.46 ± 0.01 b 0.50 ± 0.01 ab 0.56 ± 0.06 a 0.49 ± 0.05 ab 0.50 ± 0.06 ab

Protein efficiency ratio
(PER,%) 1.51 ± 0.00 c 1.49 ± 0.10 c 1.60 ± 0.02 c 2.18 ± 0.06 a 1.92 ± 0.20 b 1.67 ± 0.03 c

Feed conversion ratio (FCR,%) 2.87 ± 0.1 a 2.56 ± 0.19 b 2.12 ± 0.03 c 1.26 ± 0.03 e 1.65 ± 0.17 d 1.61 ± 0.03 d

Survival rate/% 100 100 100 100 100 100

Note: Data are presented as the mean ± SDs (n = 3). The same row with different letters indicates significant
differences between groups on the basis of one-way ANOVA (p < 0.05).

2.8. Data Analysis

The data are presented as the means ± SDs of at least three replicates. The differences
in the trial parameters among the fish fed different test diets were analyzed via one-way
analysis of variance (ANOVA). Multiple comparisons utilizing Duncan’s test were performed
on the variables if significant differences were detected. Analysis of the experimental data was
performed via IBM SPSS software (version 22.0, IBM Corp., Armonk, New York, NY, USA),
and p < 0.05 was considered statistically significant. Moreover, the relationships between the
growth performance AWGR and dietary lipid levels (3%, 5%, 7%, 9%, 11%, and 13%) was
examined via nonlinear regression. All of the data were checked for a normal distribution
by a one-sample Kolmogorov–Smirnov test, and homogeneity of variances was assessed via
Levene’s test. All the experiments were performed at least three times.

3. Results
3.1. Growth Performance

The growth performance of the mirror carp fed different lipid concentrations was
determined, and the results are shown in Table 2. The WGR and AWGR were the highest
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when the lipid content was 9%, and they were lower when the lipid content was 3% or
5%. The AWGR rate of the dietary lipid content at 9% was significantly greater than
that of the other five experimental groups, and the WGR was significantly greater than
that at 3% and 5% (p < 0.05). Furthermore, the WGR and AWGR in the 5% and 3%
groups were significantly lower than those in the other experimental groups (p < 0.05).
When the lipid content was 9%, the PER was significantly greater, and the FCR was
significantly lower (p < 0.05). The survival rate of all the experimental groups was 100%.
The AWGR was correlated with the dietary lipid level, and the regression equation was
y = −2.312x2 + 45.01x + 214.49 (R2 = 0.63, p < 0.05; Figure 1).
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Figure 1. Relationships between AWGR (y) and dietary lipid level (x) for mirror carp larvae (Cyprinus
carpio) fed the test diets for 8 weeks. The regression equation was y = −2.312x2 + 45.01x + 214.49
(R2 = 0.63, p < 0.05).

3.2. Serum Biochemical Indices

The serum biochemical indices of the different experimental groups were analyzed
(Table 3). The T-CHO contents of the 13% and 11% experimental groups were significantly
greater than those of the other four experimental groups, and the TG content of the 13%
experimental group was significantly greater than those of the 3%, 5%, 7%, and 9% groups
(p < 0.05). With increasing dietary lipid content, the HDL content first increased and then
decreased, and its content in the 9% experimental group was significantly greater than that
in the other experimental groups, whereas that in the 11% and 13% experimental groups
was significantly greater than that in the 3%, 5%, and 7% groups (p < 0.05).

Table 3. Effects of dietary lipid levels on the serum biochemical parameters of Cyprinus carpio (mmol/L).

Lipid Content

3% 5% 7% 9% 11% 13%

Total cholesterol (T-CHO) 3.64 ± 0.36 b 3.38 ± 0.23 b 3.50 ± 0.39 b 3.45 ± 0.91 b 4.07 ± 0.21 a 4.32 ± 0.55 a

Triglyceride (TG) 0.76 ± 0.17 b 0.65 ± 0.12 b 0.65 ± 0.10 b 0.74 ± 0.15 b 0.93 ± 0.12 ab 1.29 ± 0.57 a

High-density lipoprotein
(HDL-C) 1.76 ± 0.26 c 1.85 ± 0.36 c 1.98 ± 0.07 c 2.43 ± 0.32 a 2.14 ± 0.29 b 2.15 ± 0.29 b

Low-density lipoprotein
(LDL-C) 0.96 ± 0.15 0.9 ± 0.13 0.87 ± 0.10 0.92 ± 0.20 0.91 ± 0.11 0.95 ± 0.12

Glucose (GLU) 3.99 ± 0.58 4.94 ± 0.18 4.05 ± 0.33 4.25 ± 0.81 4.89 ± 0.65 4.09 ± 0.54

Note: Data are presented as the mean ± SD (n = 9). The same row with different letters indicates significant
differences between groups on basis of one-way ANOVA (p < 0.05).

3.3. Basic Nutrients

The essential nutrients, amino acid components, and fatty acid contents of the muscle
in the different experimental groups were determined (Tables 4–6). The results revealed



Animals 2024, 14, 2583 7 of 15

that the crude fat content of the muscle in the 9% lipid group was significantly greater
than that in the other groups (p < 0.05) (Table 4). The muscle crude fat content decreased
significantly as the dietary lipid level increased from 9% to 13% (p < 0.05). The contents
of EAA in the muscle of the 7% and 9% lipid content groups were significantly greater
than those in the 5% and 11% lipid content groups (p < 0.05) (Table 5). The FAA content at
the 11% lipid content was significantly lower than that in the other experimental groups
(p < 0.05). In addition, the highest lipid content of ∑EAA/∑TAA was 9%. The contents of
TFA, SFA, MUFA, PUFA, and DHA + EPA in the muscle of the 9% lipid content group were
significantly greater than those in the other lipid groups (p < 0.05) (Table 6).

Table 4. Effect of dietary lipid levels on the muscular proximate chemical composition of Cyprinus
carpio (wet weight, g/100 g).

Lipid Content Moisture Crude Ash Crude Fat Crude Protein

3% 77.07 ± 0.85 a 0.82 ± 0.04 b 2.97 ± 0.21 e 18.13 ± 0.71
5% 75.23 ± 0.49 b 0.83 ± 0.04 b 3.53 ± 0.15 d 19.40 ± 0.78
7% 74.60 ± 0.26 b 1.07 ± 0.06 a 4.60 ± 0.40 b 18.67 ± 0.32
9% 72.57 ± 0.49 c 1.07 ± 0.06 a 6.20 ± 0.20 a 19.20 ± 0.72

11% 74.33 ± 0.96 b 1.03 ± 0.06 a 4.57 ± 0.12 b 19.03 ± 0.90
13% 74.30 ± 0.80 b 1.03 ± 0.06 a 4.03 ± 0.15 c 19.27 ± 0.71

Note: Data are presented as the mean ± SD of three replicates (n = 9). The same row with different letters indicates
significant differences between groups on basis of one-way ANOVA (p < 0.05).

Table 5. Effect of dietary lipid levels on the amino acid content of Cyprinus carpio (g/100 g, dry weight).

Lipid Content

3% 5% 7% 9% 11% 13%

Aspargine
(Asp) * 1.513 ± 0.032 a 1.543 ± 0.061 a 1.587 ± 0.097 a 1.530 ± 0.087 a 1.290 ± 0.069 b 1.470 ± 0.096 a

Throsine
(Thr) # 0.650 ± 0.035 ab 0.610 ± 0.030 b 0.710 ± 0.050 a 0.683 ± 0.042 ab 0.480 ± 0.036 c 0.627 ± 0.075 ab

Serine (Ser) • 0.533 ± 0.035 ab 0.573 ± 0.035 a 0.593 ± 0.040 a 0.557 ± 0.047ab 0.497 ± 0.031 b 0.563 ± 0.021 ab

Glutamine (Glu) * 2.047 ± 0.095 a 1.983 ± 0.112 a 2.180 ± 0.161 a 2.137 ± 0.153 a 1.610 ± 0.122 b 1.973 ± 0.156 a

Glycine (Gly) * 0.640 ± 0.010 ab 0.643 ± 0.042 ab 0.710 ± 0.078 a 0.720 ± 0.046 a 0.577 ± 0.021 b 0.653 ± 0.032 ab

Alanine (Ala) * 0.900 ± 0.010 a 0.910 ± 0.044 a 0.940 ± 0.066 a 0.923 ± 0.0513 a 0.813 ± 0.040 b 0.903 ± 0.040 a

Cystine (Cys) • 0.112 ± 0.050 0.089 ± 0.018 0.107 ± 0.006 0.117 ± 0.023 0.084 ± 0.023 0.105 ± 0.030
Valine (Val) # 0.640 ± 0.199 ab 0.410 ± 0.036 cd 0.707 ± 0.083 ab 0.757 ± 0.021 a 0.310 ± 0.020 d 0.517 ± 0.150 bc

Methionine (Met) # 0.377 ± 0.021 a 0.380 ± 0.010 a 0.387 ± 0.025 a 0.357 ± 0.038 ab 0.317 ± 0.045 b 0.383 ± 0.032 a

Isoleucine (Ile) # 0.567 ± 0.171 ab 0.360 ± 0.200 cd 0.617 ± 0.086 ab 0.677 ± 0.021 a 0.2533 ± 0.0252 d 0.440 ± 0.140 bc

Leucine (Leu) # 1.183 ± 0.062 a 1.123 ± 0.058 a 1.260 ± 0.092 a 1.2367 ± 0.064 a 0.930 ± 0.061 b 1.133 ± 0.107 a

Tyrosine (Tyr) • 0.457 ± 0.025 0.483 ± 0.031 0.463 ± 0.038 0.447 ± 0.046 0.433 ± 0.040 0.457 ± 0.021
Phenylalanine(Phe) # 0.597 ± 0.040 a 0.563 ± 0.015 a 0.627 ± 0.038 a 0.617 ± 0.038 a 0.490 ± 0.027 b 0.560 ± 0.056 a

Lysine (Lys) # 1.397 ± 0.145 ab 1.250 ± 0.063 b 1.493 ± 0.117 a 1.490 ± 0.078 a 1.023 ± 0.067 c 1.310 ± 0.181 ab

Histidine (His) ※ 0.550 ± 0.020 bc 0.610 ± 0.020 a 0.627 ± 0.038 a 0.587 ± 0.015 ab 0.507 ± 0.012 c 0.537 ± 0.038 c

Arginine (Arg) ※ 0.853 ± 0.055 ab 0.790 ± 0.061 b 0.927 ± 0.076 a 0.923 ± 0.055 a 0.657 ± 0.047 c 0.827 ± 0.090 ab

Proline (Pro) • 0.513 ± 0.021 ab 0.533 ± 0.035 a 0.533 ± 0.038 a 0.483 ± 0.021 ab 0.410 ± 0.036 c 0.467 ± 0.040 bc

Tryptophan (Trp) # 13.529 ± 0.836 a 12.856 ± 0.616 a 14.467 ± 1.036 a 14.241 ± 0.802a 10.680 ± 0.653 b 12.925 ± 1.271 a

Total amino acids (TAA) 5.100 ± 0.130 a 5.080 ± 0.254 a 5.417 ± 0.385 a 5.310 ± 0.311 a 4.290 ± 0.251 b 5.000 ± 0.320 a

Flavour amino acid
(FAA) 5.410 ± 0.661 ab 4.697 ± 0.218 b 5.800 ± 0.448 a 5.817 ± 0.298 a 3.803 ± 0.266 c 4.970 ± 0.737 ab

Essential amino acid
(EAA) 1.403 ± 0.074 ab 1.400 ± 0.078 ab 1.553 ± 0.117 a 1.510 ± 0.070 ab 1.163 ± 0.040 c 1.363 ± 0.123 b

Half essential amino
acids (HEAA) 6.076 ± 0.151 a 6.116 ± 0.291 a 6.403 ± 0.430 a 6.194 ± 0.423 a 5.137 ± 0.328 b 5.938 ± 0.385 a

Nonessential amino
acids (NEAA) 37.757 39.513 37.444 37.285 40.172 38.774

FAA/TAA (F/T, %) 39.887 36.536 40.086 40.855 35.599 38.328
EAA/TAA (E/T, %) 10.377 10.887 10.736 10.6079 10.904 10.554

HEAA/TAA% 88.981 76.807 90.582 93.983 74.021 83.398

Note: * represents flavor amino acids, # represents essential amino acid, ※ represents half essential amino acids,
and • is nonessential amino acid (n = 9). The same row with different letters indicates significant differences
between groups on basis of one-way of ANOVA (p < 0.05).
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Table 6. Effect of the dietary lipid level on the fatty acid content of Cyprinus carpio (g/100 g, dry weight).

Lipid Content

3% 5% 7% 9% 11% 13%

C14:0 0.038 ± 0.003 c 0.050 ± 0.006 c 0.104 ± 0.012 b 0.144 ± 0.012 a 0.108 ± 0.015 b 0.117 ± 0.009 b

C15:0 0.006 ± 0.001 c 0.008 ± 0.001 c 0.016 ± 0.002 b 0.022 ± 0.002 a 0.016 ± 0.002 b 0.017 ± 0.009 b

C16:0 0.590 ± 0.060 e 0.695 ± 0.035 de 0.997 ± 0.118 b 1.247 ± 0.048 a 0.849 ± 0.075 c 0.804 ± 0.047 cd

C17:0 0.009 ± 0.001 c 0.011 ± 0.001 c 0.018 ± 0.002 b 0.024 ± 0.002 a 0.016 ± 0.002 c 0.016 ± 0.001 c

C18:0 0.189 ± 0.016 c 0.204 ± 0.006 c 0.264 ± 0.018 b 0.337 ± 0.017 a 0.206 ± 0.010 c 0.194 ± 0.014 c

C20:0 0 b 0 b 0.008 ± 0.001 a 0.012 ± 0.002 a 0.012 ± 0.008 a 0.008 ± 0.001 a

Saturated fatty
acid (SFA) 0.833 ± 0.082 c 0.968 ± 0.048 c 1.408 ± 0.145 b 1.787 ± 0.076 a 1.207 ± 0.099 b 1.155 ± 0.071 b

C16:1 0.106 ± 0.009 c 0.123 ± 0.008 c 0.198 ± 0.028 b 0.261 ± 0.012 a 0.180 ± 0.025 b 0.168 ± 0.011 b

C18:1n9c 0.970 ± 0.093 cd 1.135 ± 0.036 c 1.457 ± 0.136 b 1.758 ± 0.135 a 1.060 ± 0.114 cd 0.912 ± 0.079 d

C20:1 0.060 ± 0.007 c 0.0812 ± 0.003 c 0.156 ± 0.022 b 0.222 ± 0.024 a 0.147 ± 0.017 b 0.161 ± 0.008 b

C22:1n9 0.007 ± 0.001 d 0.001 ± 0.0012
cd 0.015 ± 0.003 b 0.018 ± 0.002 a 0.012 ± 0.001 bc 0.015 ± 0.002 b

C24:1 0.007 ± 0.001 c 0.007 ± 0.001 c 0.012 ± 0.0014 b 0.017 ± 0.002 a 0.012 ± 0.003 b 0.013 ± 0.001 b

Monounsaturated
fatty acid
(MUFA)

1.152 ± 0.112 c 1.356 ± 0.043 c 1.837 ± 0.186 b 2.276 ± 0.171 a 1.411 ± 0.155 c 1.269 ± 0.099 c

C18:2n6c * 0.441 ± 0.042 c 0.689 ± 0.079 c 0.689 ± 0.0584 b 0.728 ± 0.094 a 0.411 ± 0.041 c 0.374 ± 0.030 c

C18:3n3 * 0.043 ± 0.002 c 0.071 ± 0.009 a 0.063 ± 0.006 b 0.084 ± 0.008 a 0.049 ± 0.005c 0.048 ± 0.004 c

C20:2 0.014 ± 0.002 c 0.184 ± 0.001 b 0.018 ± 0.003 b 0.024 ± 0.002 a 0.014 ± 0.001 c 0.014 ± 0.001 c

C20:3n3 0.022 ± 0.004 ab 0.025 ± 0.001 a 0.019 ± 0.0007 b 0.025 ± 0.003 a 0.014 ± 0.001 c 0.012 ± 0.000 c

C20:3n6 0 d 0.004 ± 0.000 c 0.005 ± 0.001 b 0.007 ± 0.000 a 0.005 ± 0.001 b 0.007 ± 0.000 a

C20:4n6 0.035 ± 0.005 e 0.062 ± 0.004 d 0.125 ± 0.020 c 0.203 ± 0.022 a 0.143 ± 0.012 bc 0.164 ± 0.011 b

C20:5n3
Eicosapentaenoic

acid (EPA)
0.063 ± 0.007 d 0.069 ± 0.005 d 0.127 ± 0.005 c 0.180 ± 0.016 a 0.130 ± 0.009 bc 0.147 ± 0.012 b

C22:6n3 Docosa-
hexaenoic acid

(DHA)
0.164 ± 0.0198 c 0.171 ± 0.012 c 0.307 ± 0.011 b 0.452 ± 0.042 a 0.314 ± 0.011 b 0.345 ± 0.012 b

Polyunsaturated
fatty acid (PUFA) 0.781 ± 0.080 c 1.100 ± 0.106 b 1.241 ± 0.101 b 1.702 ± 0.176 a 1.080 ± 0.077 b 1.110 ± 0.067 b

DHA + EPA 0.226 ± 0.027 d 0.231 ± 0.016 d 0.435 ± 0.015 c 0.632 ± 0.057 a 0.444 ± 0.019 bc 0.491 ± 0.024 b

Essential fatty
acid (EFA) 0.484 ± 0.042 c 0.760 ± 0.088 a 0.641 ± 0.065 b 0.812 ± 0.101 a 0.459 ± 0.045 c 0.422 ± 0.033 c

Total fatty acid
(TFA) 2.767 ± 0.264 d 3.423 ± 0.179 c 4.487 ± 0.385 b 5.763 ± 0.422 a 3.697 ± 0.326 c 3.533 ± 0.231 c

Note: * represents the essential fatty acids. The same row with different letters indicates significant differences
between groups on basis of one-way ANOVA (p < 0.05) (n = 9).

3.4. Oil Red O Staining

The liver tissues of the experimental groups with different lipid levels were stained
with Oil Red O, which stained the lipids and nuclei red and blue, respectively (Figure 2).
The nuclei of the six lipid-level groups were partially pressed to the side of the cell and
were partially located in the center of the cell. Compared with those with 3% lipid content,
the size and number of the lipid droplets in the experimental groups with 5%, 7%, 9%, 11%.
and 13% lipid contents were greater. In addition, the 13% lipid group had the largest red
areas with severe fat deposition, and the 3% lipid group had the smallest red areas.
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red nearly spherical spots are lipid droplets (green arrows).

3.5. Antioxidant Oxidase Content

The indices of the antioxidant enzymes in the liver tissues of the different lipid levels
in the experimental groups were analyzed (Figure 3). With increasing lipid levels, the
activities of GSH, CAT, and T-AOC first increased and then decreased, while the MDA
content showed the opposite trend. The activities of GSH, CAT, and T-AOC in the 9% lipid
content group were significantly greater than those in the other groups, while the content
of MDA was significantly lower (p < 0.05).
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Figure 3. Antioxidant capacity of different lipid levels in the diet. Antioxidant enzymes, including
(A) CAT (U/mg prot), (B) GSH (umol/g prot), (C) T-AOC (U/ml), and (D) MDA (nmol/mg prot),
were assayed in the liver. The same row with different letters indicates significant differences between
groups according to one-way ANOVA (p < 0.05).
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3.6. Expression of Genes Related to Growth and Lipid Synthesis

The relative expression levels of GH, IGF-I, FAS, and LPL in the liver tissue were
determined at different lipid levels in liver tissue (Figure 4). The mRNA expression levels
of GH and IGF-I first increased and then decreased with increasing dietary lipid levels.
When the lipid content was 9%, the GH gene expression level was significantly greater, and
the relative expression level of IGF-I was significantly greater than that in the 3%, 7%, 11%,
and 13% groups (p < 0.05). The results revealed that the mRNA expression of FAS and LPL
also tended to first increase and then decreased with increasing dietary lipid content. The
relative expression levels of FAS and LPL were significantly greater when the lipid content
was 9% (p < 0.05).
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Figure 4. Effect of dietary lipid levels on GH, IGF-I, and FAS and LPL mRNA expression in liver tissue
from Cyprinus carpio. The relative expression of was evaluated via the relative fold value compared
with that of the 3% lipid content. (A) GH and IGF-I; (B) FAS and LPL. Lowercase letters indicate
significant effects on the relative gene expression of growth-related genes (p < 0.05).

4. Discussion

Previous studies have shown that appropriate lipid levels can promote growth and
protein utilization, but excess lipids can impair growth and lead to lipid accumulation in
fish [5,9]. This study revealed that the WGR and AWGR were the highest when the lipid
content was 9%, and they were significantly greater than those when the lipid content was
3% or 5% (p < 0.05). Furthermore, when the lipid content was 9%, the PER was significantly
greater, and the FCR was significantly lower (p < 0.05). The results indicated that the
AWGR and WGR were the highest when the dietary lipid content was 9%, and either too
low or too high of a lipid content affected the growth rate of the mirror carp, which is
consistent with the results for common carp [29], grass carp (Ctenopharyngodon idella) [10],
and kelp grouper (Epinephelus bruneus) [6]. The optimum dietary lipid content of mirror
carp was 9.74%, according to the regression analysis of the AWGR. The analysis of serum
biochemical indices can provide valuable information about the physiology and health of
fish [30]. Lipids are a class of organic molecules, including triglycerides and sterols, that are
crucial in energy storage and cell signaling [31]. TG and T-CHO are important components
of blood lipids and are synthesized mainly in the liver. When blood lipid levels in the
body are too high, there may be a variety of conditions, such as hypertriglyceridemia [32].
T-CHO is a sterol that is a precursor to steroid hormones and bile acids [33]. The results
of this study revealed that the serum TG and T-CHO contents significantly increased
with increasing dietary lipid content (13%), indicating that the consumption of high-lipid
diets can increase the serum lipid content, which may induce a variety of diseases. These
results were similar to those reported for Siberian sturgeon (Acipenser baerii) [34] and hybrid
sturgeon (Acipenser baerii × Acipenser gueldenstaedtii) [35]. HDL is a key anti-atherosclerosis
lipoprotein that transfers cholesterol in the blood from peripheral cells to the liver and
has been linked to a reduced risk of coronary heart disease and lipid accumulation [36,37].
When the lipid content was 9%, the HDL content was significantly greater than that of the
other experimental groups (p < 0.05), indicating that the risk of mirror carp disease could be
reduced when the dietary lipid content was 9%, and the risk of disease increased when the
dietary lipid content was too high. In addition, this study revealed that when the dietary
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lipid content was not less than 9%, the HDL content was high, indicating that a high-lipid
diet increased the level of HDL and accelerated the transport of cholesterol to the liver. This
result is similar to those of previous studies [38–40].

Muscle nutrient composition is an important factor affecting the nutritional value
of fish [41]. The results revealed that the crude lipid content in the muscle of the 9%
lipid content group was significantly greater than that in the other experimental groups,
indicating that the dietary lipid content could affect the muscle lipid content of the mirror
carp. At present, the protein and amino acid contents in muscle affect the nutritional value,
flavor and function of fish, and amino acids in fish play a key role in maintaining human
health [42,43]. The contents of EAA, FAA, and ∑EAA/∑TAA in the muscle of the 9%
lipid content group were greater than those in the other groups, indicating that the dietary
lipid content can affect the nutritional value of muscle, and that the muscle of the 9% lipid
content group had greater nutritional value than the other lipid level groups. Fish meat is
the main source of unsaturated fatty acids for humans. The fatty acid composition and lipid
content in muscle are important parameters for evaluating the nutritional quality and flavor
of fish [44]. PUFAs are essential for maintaining cell membrane structure and function [45],
whereas EPA and DHA in PUFAs have antioxidant and antiaging effects, which can prevent
the occurrence of cardiovascular diseases and other diseases in mammals and promote
brain development [46–49]. In this study, the contents of PUFA and total DHA + EPA in
the muscle of the 9% lipid content group were significantly greater than those in the other
groups, but the SFA content was also significantly greater than that in the other groups
(p < 0.05), which might be related to the high crude lipid content.

Liver tissue is an important metabolic tissue [50]. Feeding fish an excess amount of
lipids can lead to lipid deposition in liver tissue [9]. With increasing lipid content, the lipid
deposition in the liver was obvious, especially in the 13% experimental group, indicating
that feeding a high-lipid diet leads to lipid deposition in the liver of the mirror carp.
However, the activities of GSH, CAT, and T-AOC are usually used to evaluate the effects
of dietary lipids on the antioxidant capacity of tissues and participation in the process of
removing reactive oxygen species, while the MDA content is positively correlated with
ROS accumulation in vivo [51–54]. From the perspective of antioxidants, with increasing
lipid content, the activities of GSH, CAT, and T-AOC first tended to increase and then
tended to decrease, and the highest and lowest activities were observed at the 9% lipid
content and 13% lipid content, respectively, whereas the trend in the MDA content was the
opposite. These findings suggest that the dietary lipid content can significantly affect the
antioxidant capacity of the liver, and that the antioxidant capacity was optimal when the
lipid content was 9%, whereas the antioxidant capacity was low at the 13% lipid content,
which might also be the reason for the low weight gain rate of the high-lipid content groups
of the mirror carp.

Muscle is the main edible part for the consumer, and its growth is regulated by a
variety of genes. In fish, IGF and insulin-like growth factor-binding proteins subsequently
act on IGFR on the cell surface, promoting cell proliferation and growth [11,12]. Previous
studies have found that liver tissue detection of IGF-I and GH gene expression levels is
reliable and can reflect the growth status of fish [55–57]. The relative expression levels of
GH and IGF-I first increased and then decreased with increasing dietary lipid levels. When
the lipid content was 9%, the mRNA expression of GH and IGF-I was the highest, which
was similar to the result for the weight gain rate, indicating that the growth-related genes in
muscle could be used as indicators to evaluate the growth of the mirror carp. Furthermore,
LPL and FAS promote adipogenesis, which can lead to fat accumulation, whereas the
overfeeding of lipids can alter the developmental programming of pathways involved in
lipid metabolism in liver tissue [13,14,58]. Our results revealed that the relative expression
levels of FAS and LPL temporarily increased with increasing dietary lipid content, which
suggested that differences in dietary lipid content significantly affected fat accumulation in
the livers of common carp. Furthermore, our results revealed that the relative expression of
FAS and LPL subsequently decreased with increasing dietary lipid content (lipid contents
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greater than 9%), which confirmed that a high-fat diet inhibited the secretion of FAS and
LPL in mirror carp. It was speculated that the lipid levels in diets could change lipid
utilization during the ontogenesis of mirror carp. This result has also been reported in Nile
tilapia (Oreochromis niloticus) [59] and zebrafish (Danio rerio) [58], as well as in dark barbel
catfish (Pelteobargrus vachelli) [60], but the specific inhibition mechanism still needs to be
further determined.

Thus, the present study revealed that dietary lipid levels had significant effects on the
growth, muscle quality, serum biochemical indices, liver lipid deposition, and antioxidant
enzyme activity of the mirror carp. The optimal dietary lipid requirement of 6.86 ± 0.95 g
was 9%. This study provides a research basis for the breeding of new varieties of high-
quality carp and provides solutions for the shortage of protein sources and the imbalance
of feed nutrition.

5. Conclusions

In conclusion, the optimal dietary lipid requirement for the fast growth of mirror carp
(6.86 ± 0.95 g) should be 9.74% on the basis of nonlinear regression analysis of the AWGR.
The dietary lipid level (9%) improved the growth, stress resistance, and lipid utilization of
mirror carp to a certain extent.
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//www.mdpi.com/article/10.3390/ani14172583/s1, Table S1: All primers used in this experiment.

Author Contributions: X.J. designed the experimental study and performed the statistical analysis.
Z.S. was involved in the experimental operation. X.H. and X.S. were involved in writing—review
and editing. C.L., Y.G. and L.C. contributed to sample collection. Z.J. provided critical revision and
approval of the article. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the China Agriculture Research System (grant number CARS-
45-07), the Central Public-interest Scientific Institution Basal Research Fund, the Chinese Academy
of Fishery Sciences (CAFS) (NO. 2023TD35), the Central Public-interest Scientific Institution Basal
Research Fund, Heilongjiang River Fisheries Research Institute (HRFRI, NO. HSY202407Q), and the
National Key Research and Development Plan (2023YFD2400204-4).

Institutional Review Board Statement: All animal procedures in this study were conducted according
to the guidelines for the care and use of laboratory animals of the Heilongjiang River Fisheries
Research Institute, Chinese Academy of Fishery Sciences (CAFS). The studies in animals were
reviewed and approved by the Committee for the Welfare and Ethics of Laboratory Animals of the
Heilongjiang River Fisheries Research Institute, CAFS (approval code: 2019-03-15).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Steffens, W. Protein sparing effect and nutritive significance of lipid supplementation in carp diets. Arch. Tierernahr. 1996, 49,

93–98. [CrossRef] [PubMed]
2. Lee, S.-M.; Jeon, I.G.; Lee, J.Y. Effects of digestible protein and lipid levels in practical diets on growth, protein utilization and

body composition of juvenile rockfish (Sebastes schlegeli). Aquaculture 2002, 211, 227–239. [CrossRef]
3. Boujard, T.; Gélineau, A.; Covès, D.; Corraze, G.; Dutto, G.; Gasset, E.; Kaushik, S. Regulation of feed intake, growth, nutrient and

energy utilisation in European sea bass (Dicentrarchus labrax) fed high fat diets. Aquaculture 2004, 231, 529–545. [CrossRef]
4. Sargent, J.; Bell, G.; McEvoy, L.; Tocher, D.; Estevez, A. Recent developments in the essential fatty acid nutrition of fish. Aquaculture

1999, 177, 191–199. [CrossRef]
5. Han, T.; Li, X.; Wang, J.; Hu, S.; Jiang, Y.; Zhong, X. Effect of dietary lipid level on growth, feed utilization and body composition

of juvenile giant croaker Nibea japonica. Aquaculture 2014, 434, 145–150. [CrossRef]
6. Yoshii, K.; Takakuwa, F.; Nguyen, H.P.; Masumoto, T.; Fukada, H. Effect of dietary lipid level on growth performance and feed

utilization of juvenile kelp grouper Epinephelus bruneus. Fish. Sci. 2010, 76, 139. [CrossRef]

https://www.mdpi.com/article/10.3390/ani14172583/s1
https://www.mdpi.com/article/10.3390/ani14172583/s1
https://doi.org/10.1080/17450399609381867
https://www.ncbi.nlm.nih.gov/pubmed/8766977
https://doi.org/10.1016/S0044-8486(01)00880-8
https://doi.org/10.1016/j.aquaculture.2003.11.010
https://doi.org/10.1016/S0044-8486(99)00083-6
https://doi.org/10.1016/j.aquaculture.2014.08.012
https://doi.org/10.1007/s12562-009-0191-0


Animals 2024, 14, 2583 13 of 15

7. Chen, Y.; Tian, L.; Yang, H.; Chen, P.; Yuan, Y.; Liu, Y.J.; Liang, G. Effect of Protein and Starch Level in Practical Extruded Diets
on Growth, Feed Utilization, Body Composition, and Hepatic Transaminases of Juvenile Grass Carp, Ctenopharyngodon idella. J.
World Aquac. Soc. 2012, 43, 187–197. [CrossRef]

8. Guo, X.; Liang, X.-F.; Fang, L.; Yuan, X.; Zhou, Y.; He, S.; Shen, D. Effects of lipid-lowering pharmaceutical clofibrate on lipid
and lipoprotein metabolism of grass carp (Ctenopharyngodon idellal Val.) fed with the high non-protein energy diets. Fish Physiol.
Biochem. 2015, 41, 331–343. [CrossRef]

9. Zhang, Y.; Sun, Z.; Wang, A.; Ye, C.; Zhu, X. Effects of dietary protein and lipid levels on growth, body and plasma biochemical
composition and selective gene expression in liver of hybrid snakehead (Channa maculata ♀× Channa argus ♂) fingerlings.
Aquaculture 2017, 468, 1–9. [CrossRef]

10. DU, Z.-Y.; Liu, Y.-J.; Tian, L.-X.; Wang, J.-T.; Wang, Y.; Liang, G.-Y. Effect of dietary lipid level on growth, feed utilization and body
composition by juvenile grass carp (Ctenopharyngodon idella). Aquac. Nutr. 2005, 11, 139–146. [CrossRef]

11. Gahete, M.D.; Córdoba-Chacón, J.; Lantvit, D.D.; Ortega-Salas, R.; Sanchez-Sanchez, R.; Pérez-Jiménez, F.; López-Miranda, J.;
Swanson, S.M.; Castaño, J.P.; Luque, R.M.; et al. Elevated GH/IGF-I promotes mammary tumors in high-fat, but not low-fat, fed
mice. Carcinogenesis 2014, 35, 2467–2473. [CrossRef]

12. Holt, R.; Erotokritou-Mulligan, I.; Guha, N.; Stow, M.; Bassett, E.; Bartlett, C.; Cowan, D.; Sonksen, P. OR07-5 An overview of the
GH-2004 project: Catching the growth hormone cheat. Growth Horm. Igf Res. 2012, 22, S19. [CrossRef]

13. Xie, R.-P.; Liang, X.-F.; Peng, D.; Zhang, Q.-W.; Wu, D.-L.; Chen, J.-L.; Zeng, M. Dietary supplementation of pyridoxine can
enhance the growth performance and improve the protein, lipid utilization efficiency of mandarin fish (Siniperca chuatsi). Fish
Physiol. Biochem. 2023, 49, 1063–1078. [CrossRef] [PubMed]

14. Yang, G.; Liang, X.; Hu, J.; Li, C.; Hu, W.; Li, K.; Chang, X.; Zhang, Y.; Zhang, X.; Shen, Y.; et al. Feeding tea polysaccharides affects
lipid metabolism, antioxidant capacity and immunity of common carp (Cyprinus carpio L.). Front. Immunol. 2022, 13, 1074198.
[CrossRef] [PubMed]

15. Eljasik, P.; Panicz, R.; Sobczak, M.; Sadowski, J.; Barbosa, V.; Marques, A.; Dias, J. Plasma biochemistry, gene expression and liver
histomorphology in common carp (Cyprinus carpio) fed with different dietary fat sources. Food Chem. Toxicol. 2020, 140, 111300.
[CrossRef] [PubMed]

16. Stoneham, T.R.; Kuhn, D.D.; Taylor, D.P.; Neilson, A.P.; Smith, S.A.; Gatlin, D.M.; Chu, H.S.S.; O’keefe, S.F. Production of omega-3
enriched tilapia through the dietary use of algae meal or fish oil: Improved nutrient value of fillet and offal. PLoS ONE 2018, 13,
e0194241. [CrossRef]

17. Sissener, N.H. Are we what we eat? Changes to the feed fatty acid composition of farmed salmon and its effects through the food
chain. J. Exp. Biol. 2018, 221 (Suppl. S1), jeb161521. [CrossRef]

18. World-Organisation-for-Animal-Health, OIE-Listed Diseases Infections and Infestations in Force in 2019. Available online:
https://www.woah.org/en/home/ (accessed on 17 July 2019).

19. Li, J.; Xu, Q.; Wang, C.; Wang, L.; Zhao, Z.; Luo, L. Effects of dietary glucose and starch levels on the growth, haematological
indices and hepatic hexokinase and glucokinase mRNA expression of juvenile mirror carp (Cyprinus carpio). Aquac. Nutr. 2016, 22,
550–558. [CrossRef]

20. Wang, L.; Wei, Y.; Wang, C.; Li, J.; Zhao, Z.; Luo, L.; Du, X.; Qiyou, X. Effects of α-ketoglutarate on the growth performance,
amino acid metabolism and related gene expression of mirror carp (Cyprinus carpio). Aquac. Nutr. 2017, 23, 926–933. [CrossRef]

21. GB/T 36782; National Health Commission of the People’s Republic of China. State Administration for Market Regulation. Formula
Feed for Common Carp (Cyprinus carpio). Standards Press of China: Beijing, China, 2018; pp. 1–6.

22. Official Methods of Analysis of Official Analytical Chemists, 18th ed.; AOAC International: Gaithersburg, MD, USA, 2005.
23. GB 5009.5; National Food Safety Standard Determination of Protein in Food. National Standard of the People’s Republic of China:

Beijing, China, 2016.
24. GB 5009.6; National Food Safety Standard Determination of Fat in Food. National Standard of the People’s Republic of China:

Beijing, China, 2016.
25. GB5009.124; Determination of Amino Acids in Food Safety National Standards. National Standard of the people’s Republic of

China: Beijing, China, 2016.
26. Jiang, X.; Li, Y.; Tian, J.; Li, C.; Ge, Y.; Hu, X.; Cheng, L.; Shi, X.; Shi, L.; Jia, Z. Nutritional Components, Biochemical Characteristics,

Enzyme Activities, and Growth Differences of Five Freshwater Fish Species? Fishes 2022, 7, 285. [CrossRef]
27. Jiang, X.; Ren, W.; Tian, L.; Ge, Y.; Li, C.; Hu, X.; Shi, L.; Jia, Z. IRF9 inhibits CyHV-3 replication by regulating the PI3K-AKT

signalling pathway in common carp (Cyprinus carpio) epithelial cells. Dev. Comp. Immunol. 2023, 148, 104905. [CrossRef] [PubMed]
28. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using data using real-time quantitative PCR and the

2(--Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]
29. Fan, Z.; Li, J.; Zhang, Y.; Wu, D.; Zheng, X.; Wang, C.; Wang, L. Excessive Dietary Lipid Affecting Growth Performance, Feed

Utilization, Lipid Deposition, and Hepatopancreas Lipometabolism of Large-Sized Common Carp (Cyprinus carpio). Front. Nutr.
2021, 8, 694426. [CrossRef] [PubMed]

30. Seibel, H.; Baßmann, B.; Rebl, A. Blood Will Tell: What Hematological Analyses Can Reveal About Fish Welfare. Front. Vet. Sci.
2021, 8, 616955. [CrossRef]

31. Scordo, K.; Pickett, K.A. CE: Triglycerides: Do They Matter? Am. J. Nurs. 2017, 117, 24–31. [CrossRef]

https://doi.org/10.1111/j.1749-7345.2012.00549.x
https://doi.org/10.1007/s10695-014-9986-8
https://doi.org/10.1016/j.aquaculture.2016.09.052
https://doi.org/10.1111/j.1365-2095.2004.00333.x
https://doi.org/10.1093/carcin/bgu161
https://doi.org/10.1016/S1096-6374(12)60052-5
https://doi.org/10.1007/s10695-023-01223-3
https://www.ncbi.nlm.nih.gov/pubmed/37542702
https://doi.org/10.3389/fimmu.2022.1074198
https://www.ncbi.nlm.nih.gov/pubmed/36505461
https://doi.org/10.1016/j.fct.2020.111300
https://www.ncbi.nlm.nih.gov/pubmed/32224215
https://doi.org/10.1371/journal.pone.0194241
https://doi.org/10.1242/jeb.161521
https://www.woah.org/en/home/
https://doi.org/10.1111/anu.12278
https://doi.org/10.1111/anu.12460
https://doi.org/10.3390/fishes7050285
https://doi.org/10.1016/j.dci.2023.104905
https://www.ncbi.nlm.nih.gov/pubmed/37549834
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.3389/fnut.2021.694426
https://www.ncbi.nlm.nih.gov/pubmed/34327208
https://doi.org/10.3389/fvets.2021.616955
https://doi.org/10.1097/01.NAJ.0000511539.37103.0b


Animals 2024, 14, 2583 14 of 15

32. Tenenbaum, A.; Klempfner, R.; Fisman, E.Z. Hypertriglyceridemia: A too long unfairly neglected major cardiovascular risk factor.
Cardiovasc. Diabetol. 2014, 13, 159. [CrossRef]

33. Jesch, E.D.; Carr, T.P. Food Ingredients That Inhibit Cholesterol Absorption. Prev. Nutr. Food Sci. 2017, 22, 67–80. [CrossRef]
34. Ren, Y.; Wei, S.; Yu, H.; Xing, W.; Xu, G.; Li, T.; Luo, L. Dietary lipid levels affect growth, feed utilization, lipid deposition, health

status and digestive enzyme activities of juvenile Siberian sturgeon, Acipenser baerii. Aquac. Nutr. 2021, 27, 2019–2028. [CrossRef]
35. Guo, Z.; Zhu, X.; Liu, J.; Han, D.; Yang, Y.; Xie, S.; Lan, Z. Dietary lipid requirement of juvenile hybrid sturgeon, Acipenser baerii♀×

A. gueldenstaedtii♂. J. Appl. Ichthyol. 2011, 27, 743–748. [CrossRef]
36. Narwal, V.; Deswal, R.; Batra, B.; Kalra, V.; Hooda, R.; Sharma, M.; Rana, J. Cholesterol biosensors: A review. Steroids 2018, 143,

6–17. [CrossRef]
37. Rutledge, J.C.; Mullick, A.E.; Gardner, G.; Goldberg, I.J. Direct Visualization of Lipid Deposition and Reverse Lipid Transport in a

Perfused Artery: Roles of VLDL and HDL. Circ. Res. 2000, 86, 768–773. [CrossRef] [PubMed]
38. Tang, T.; Hu, Y.; Peng, M.; Chu, W.; Hu, Y.; Zhong, L. Effects of high-fat diet on growth performance, lipid accumulation and lipid

metabolism-related MicroRNA/gene expression in the liver of grass carp (Ctenopharyngodon idella). Comp. Biochem. Physiol. Part.
B Biochem. Mol. Biol. 2019, 234, 34–40. [CrossRef] [PubMed]

39. Li, A.; Yuan, X.; Liang, X.-F.; Liu, L.; Li, J.; Li, B.; Fang, J.; Li, J.; He, S.; Xue, M.; et al. Adaptations of lipid metabolism and
food intake in response to low and high fat diets in juvenile grass carp (Ctenopharyngodon idellus). Aquaculture 2016, 457, 43–49.
[CrossRef]

40. Luo, L.; Xue, M.; Vachot, C.; Geurden, I.; Kaushik, S. Dietary medium chain fatty acids from coconut oil have little effects on
postprandial plasma metabolite profiles in rainbow trout (Oncorhynchus mykiss). Aquaculture 2014, 420–421, 24–31. [CrossRef]

41. Xie, R.-T.; Amenyogbe, E.; Chen, G.; Huang, J.-S. Effects of feed fat level on growth performance, body composition and serum
biochemical indices of hybrid grouper (Epinephelus fuscoguttatus × Epinephelus polyphekadion). Aquaculture 2021, 530, 735813.
[CrossRef]

42. Jiang, W.-D.; Wu, P.; Tang, R.-J.; Liu, Y.; Kuang, S.-Y.; Jiang, J.; Tang, L.; Tang, W.-N.; Zhang, Y.-A.; Zhou, X.-Q.; et al. Nutritive
values, flavor amino acids, healthcare fatty acids and flesh quality improved by manganese referring to up-regulating the
antioxidant capacity and signaling molecules TOR and Nrf2 in the muscle of Fish. Food Res. Int. 2016, 89 Pt 1, 670–678. [CrossRef]

43. Zou, T.-B.; He, T.-P.; Li, H.-B.; Tang, H.-W.; Xia, E.-Q. The Structure-Activity Relationship of the Antioxidant Peptides from
Natural Proteins. Molecules 2015, 21, 72. [CrossRef]

44. Xu, X.; Yang, H.; Zhang, C.; Bian, Y.; Yao, W.; Xu, Z.; Wang, Y.; Li, X.; Leng, X. Effects of replacing fishmeal with cottonseed
protein concentrate on growth performance, flesh quality and gossypol deposition of largemouth bass (Micropterus salmoides).
Aquaculture 2022, 548, 737551. [CrossRef]

45. Gylfason, G.A.; Knútsdóttir, E.; Ásgeirsson, B. Isolation and biochemical characterisation of lipid rafts from Atlantic cod (Gadus
morhua) intestinal enterocytes. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2010, 155, 86–95. [CrossRef]

46. Cooper, C.; Beaven, S. Dietary arachidonate enhances tissue arachidonate levels and eicosanoid production in Syrian hamsters. J.
Nutr. 1993, 12, 521–523. [CrossRef]

47. Narayan, B.; Miyashita, K.; Hosakawa, M. Physiological Effects of Eicosapentaenoic Acid (EPA) and Docosahexaenoic Acid
(DHA)—A Review. Food Rev. Int. 2006, 22, 291–307. [CrossRef]

48. Rubio-Rodríguez, N.; Beltrán, S.; Jaime, I.; de Diego, S.M.; Sanz, M.T.; Carballido, J.R. Production of omega-3 polyunsaturated
fatty acid concentrates: A review. Innov. Food Sci. Emerg. Technol. 2010, 11, 1–12. [CrossRef]

49. Mraz, J.; Pickova, J. Factors influencing fatty acid composition of common carp (Cyprinus carpio) muscle. Neuro Endocrinol. Lett.
2011, 32 (Suppl. S2), E1–E39. [CrossRef]

50. Tamura, S.; Shimomura, L. Contribution of adipose tissue and de novo lipogenesis to nonalcoholic fatty liver disease. J. Clin.
Investig. 2005, 115, 1139–1142. [CrossRef]

51. Guo, J.-L.; Zhou, Y.-L.; Zhao, H.; Chen, W.-Y.; Chen, Y.-J.; Lin, S.-M. Effect of dietary lipid level on growth, lipid metabolism and
oxidative status of largemouth bass, Micropterus salmoides. Aquaculture 2019, 506, 394–400. [CrossRef]

52. Zhao, P.-F.; Li, F.-J.; Chen, X.-R.; Chen, Y.-J.; Lin, S.-M.; Zhang, L.; Li, Y. Dietary lipid concentrations influence growth, liver
oxidative stress, and serum metabolites of juvenile hybrid snakehead (Channa argus × Channa maculata). Aquac. Int. 2016, 24,
1353–1364. [CrossRef]

53. Dawood, M.A.O.; Ali, M.F.; Amer, A.A.; Gewaily, M.S.; Mahmoud, M.M.; Alkafafy, M.; Assar, D.H.; Soliman, A.A.; Van Doan,
H. The influence of coconut oil on the growth, immune, and antioxidative responses and the intestinal digestive enzymes
andhistomorphometry features of Nile tilapia (Oreochromis niloticus). Fish Physiol. Biochem. 2021, 47, 869–880. [CrossRef]
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