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Simple Summary: This research assessed the effects of dietary protein levels on juvenile hybrid
sturgeon growth and health over 12 weeks, with protein levels varying from 30% to 45%. It identified
an optimal protein range of 35.9% to 38.3%, which maximized weight gain, improved protein
efficiency, and enhanced serum health indicators, including essential amino acid content. Immune
system performance also peaked within this range, correlating with increased activity of growth and
immune-related genes in the intestine, indicating diet–gene interaction. Exceeding this range showed
no additional benefits and could harm the fish. These findings underline the necessity of fine-tuning
dietary protein for optimal aquaculture outcomes in hybrid sturgeon.

Abstract: This study aimed to evaluate the effects of dietary protein levels on growth performance,
serum indices, body amino acid composition, and intestinal gene expression in juvenile hybrid
sturgeon (Acipenser baerii × A. schrenckii). Hybrid sturgeons (initial weight 29.21 ± 2.04 g) were fed
isolipidic diets containing 30%, 33%, 36%, 39%, 42% or 45% crude protein for 12 weeks (n = 18 tanks,
30 fish/tank). Results showed significant differences between treatments, where weight gain and
protein efficiency ratio peaked optimally between 35.9% and 38.3% dietary protein. Serum parameters
such as glucose, alanine aminotransferase, aspartate aminotransferase, superoxide dismutase, and
lipid peroxidation levels varied significantly with changes in dietary protein levels. Specifically,
the highest enzymatic activities and growth parameters were observed in groups fed with 33% to
39% protein, enhancing whole-body concentrations of lysine, leucine, phenylalanine, proline, and
glutamic acid. Immune parameters such as immunoglobulin M and lysozyme activity also showed
peak levels at higher protein concentrations, particularly notable at 42% for lysozyme and 36% for
both component 3 and immunoglobulin M. Gene expression related to immune and growth pathways,
including MyD88, TLR1, IL-8, IL-6, NF-κB, and IL1β, was significantly upregulated at protein levels
of 33% to 36%, with a noted peak in expression at 39% for TLR1, IL-10, and TOR signaling genes,
before diminishing at higher protein levels. Overall, the dietary protein requirement for juvenile
hybrid sturgeon ranges from 35.9% to 38.3% crude protein.

Keywords: hybrid sturgeon; dietary protein; growth performance; immune response; gene expression

1. Introduction

Sturgeons, belonging to one of the oldest groups of cartilaginous, hard-scaled fish,
play a significant role in aquaculture due to their economic importance. The hybridization
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of Acipenser schrenckii, native to the Amur River Basin, with Acipenser baerii, known for
its disease resistance but slower growth rate, has yielded a vigorous, fast-growing, and
highly disease-resistant offspring. This hybrid (Acipenser baerii × A. schrenckii), successfully
produced around 2007, represents a milestone in sturgeon aquaculture, combining rapid
growth with resilience, thereby setting new benchmarks for production and sale scales
in China [1,2]. Despite the economic importance of hybrid sturgeons, research into their
specific nutritional needs, especially protein requirements, is scant, highlighting a gap in
aquaculture science that this study seeks to address.

Protein is foundational to fish aquaculture, serving as the bedrock for growth, metabolic
stability, and overall health by providing essential amino acids for tissue regeneration and
the synthesis of vital biomolecules like enzymes and antibodies. As it directly influences
biomass increase in fish, dietary protein underpins the significance of optimized protein
intake for aquaculture sustainability [3,4]. The balance in dietary protein levels is a deli-
cate one: insufficient amounts curtail growth and impair health, whereas excess leads to
inefficient energy conversion and heightened environmental burden through increased
ammonia excretion [5].

Historical dietary research on sturgeons has covered various nutrients, such as pro-
teins, lipids, vitamins, minerals, bioactive compounds like caffeic acid [6], tannins [7], and
sodium propionate [8], demonstrating the complexity of their nutritional ecology. Past
studies across various sturgeon species have identified an optimal dietary protein range
of about 40%, thus highlighting the importance of species-specific research to accurately
determine their precise nutritional needs [9–12].

The immune system’s functionality in fish, particularly how it responds to dietary pro-
tein levels, has garnered attention, with findings indicating that optimal protein intake can
significantly enhance immune markers such as lysozyme activity, complement components,
and immunoglobulin levels [13]. This study further explores the genetic underpinnings
of dietary protein’s effects, examining gene expression within the endocrine systems that
regulate growth and immune and nutritional status, notably the Toll-like receptor (TLR),
GH–IGF axis, and the TOR signaling pathway, which are pivotal in understanding fish
growth dynamics [14].

Thus, this investigation is poised to elucidate the optimal dietary protein requirements
for hybrid sturgeons, aiming to provide a cornerstone for the development of feeds that
are not only nutritionally balanced but also cost-efficient and environmentally benign. By
delving into the interplay between dietary protein levels, growth performance, immune
system bolstering, and gene expression, this research contributes a vital piece to the puz-
zle of sustainable aquaculture practices, ensuring the health and profitability of hybrid
sturgeon farming.

2. Materials and Methods
2.1. Fish Management

Hybrid sturgeon juveniles (initial weight: 29.21 ± 2.04 g) were acquired from the
Fangshan Sturgeon Breeding Station, Chinese Academy of Fishery Sciences. At the begin-
ning of the study, the sturgeons were acclimatized to the experimental environment for
14 days. Sturgeons were randomly separated into 18 tanks (300 L each; 30 fish/tank). Water
quality parameters were monitored once a day. During the 12-week trial, the tanks were
maintained under a relatively constant dissolved oxygen level (5.8–6.0 mg/L), temperature
(22.5–23.5 ◦C), pH (7.8–8.0), ammoniacal nitrogen level (<0.02 mg/L), and photoperiod
(12 h light: 12 h dark). The fish were fed four times daily (6:00, 10:00, 14:00, and 18:00) until
apparent satiety.

2.2. Experimental Diets

Six isolipidic feeds were used, with protein levels of 30% (G1), 33% (G2), 36% (G3),
39% (G4), 42% (G5), and 45% (G6). Casein, fishmeal and wheat gluten were utilized as
protein sources, dextrin, and wheat middlings as carbohydrate sources, phospholipids, fish
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oil, and soybean oil as lipid sources (Table 1). The diets were passed through a 250 µm sieve.
The dry, finely ground feed components were completely blended with lipids and then
homogenized using a blender (GYJ-250B; Dashiqiao Bao’s Feed Machinery Factory). The
resulting dough was pelleted into 1.5 mm (diameter) granular feed using a lab pelletizer
(SLP-45; Fishery Mechanical Facility Research Institute, Shanghai, China). The pellets
were then air-dried to a moisture content of approximately 10% by weight, gathered in
vacuum-packed bags, and stored at −20 ◦C until use.

Table 1. Composition and nutrient levels of proximate analysis (air-dried basis, %).

Items
Dietary Protein Levels

30% (G1) 33% (G2) 36% (G3) 39% (G4) 42% (G5) 45% (G6)

Casein 11.60 14.99 18.37 21.75 25.13 28.51
Dextrin 32.40 29.01 25.63 22.25 18.87 15.49

Fish meal 20.00 20.00 20.00 20.00 20.00 20.00
Wheat middlings 20.00 20.00 20.00 20.00 20.00 20.00

Wheat gluten 6.00 6.00 6.00 6.00 6.00 6.00
Fish oil 4.00 4.00 4.00 4.00 4.00 4.00

Soybean oil 4.00 4.00 4.00 4.00 4.00 4.00
Phospholipids 1.00 1.00 1.00 1.00 1.00 1.00

Premix 1.00 1.00 1.00 1.00 1.00 1.00
Nutrient levels

Moisture (%) 8.53 8.43 8.31 8.41 8.32 8.74
Crude protein (%) 30.12 33.41 36.24 39.43 42.15 45.08

Crude lipid (%) 10.18 10.22 10.24 10.26 10.29 10.33
Nitrogen-free extract (%) 45.29 41.92 38.54 35.16 31.77 28.39

Gross energy (kJ/kg) 18.80 18.95 19.09 19.23 19.38 19.52
Essential amino acids

Lysine 1.98 2.23 2.48 2.73 2.98 3.22
Methionine 0.67 0.77 0.86 0.95 1.04 1.13

Leucine 2.21 2.50 2.80 3.10 3.40 3.69
Isoleucine 1.19 1.35 1.50 1.66 1.82 1.98

Phenylalanine 1.21 1.37 1.53 1.69 1.85 2.02
Tyrosine 2.23 2.56 2.88 3.20 3.53 3.85

Tryptophan 0.32 0.36 0.40 0.43 0.47 0.51
Histidine 0.76 0.86 0.95 1.05 1.14 1.24

Valine 1.46 1.67 1.87 2.08 2.29 2.49
Threonine 1.11 1.24 1.38 1.51 1.65 1.78

Note: Premix 1.0%: choline 0.2%; antimildew 0.02%; magnesia 0.2%; zeolite 0.08%; vitamin 0.3%; mineral mixture
0.2%. Vitamin mixture (mg/kg): vitamin A 15,000 IU; vitamin B1 15 mg; vitamin B2 30 mg; vitamin B6 15 mg;
vitamin B12 0.5 mg; vitamin C 1000 mg; vitamin D3 3000 IU; vitamin E 60 mg; vitamin K3 5 mg; nicotinic acid
175 mg; folic acid 5 mg; inositol 1000 mg; biotin 2.5 mg; pantothenic acid 50 mg. Mineral mixture (mg/kg):
ZnSO4·7H2O 0.15 g, FeSO4·7H2O 0.10 g, MnSO4·4H2O 0.10 g, CuSO4·5H2O 0.02 g, CoCl2 5 mg, KI 3 mg, Na2SeO3
3 mg.

2.3. Sample Collection

The fish were fasted for 24 h before sampling. For this experiment, fish were anes-
thetized using 60 mg/L of MS-222 (tricaine methanesulfonate, Sigma-Aldrich, St. Louis,
MO, USA). From each tank, four fish were selected for analysis of body composition, evalu-
ation of amino acid profile, and examination of blood chemistry. Additionally, three fish
from each tank were chosen for gene expression analysis of the mid-intestine (the section
following the pyloric caecum). Blood samples were drawn from each fish’s tail vein and
then maintained at 4 ◦C for 4 h to allow serum separation. Subsequently, the samples
were centrifuged at 5000× g for 15 min in a precooled centrifuge. The supernatant was
transferred to a new tube and stored at −80 ◦C.

Following blood collection, fish were humanely euthanized with an overdose of
MS-222 (200 mg/L, Sigma-Aldrich, St. Louis, MO, USA), ensuring rapid and painless
euthanasia. This allowed for the subsequent collection of tissues without distressing the
specimens. The digestive tracts were flushed with physiological saline to clear any contents,
and excess lipids and inclusions were removed from the mid-intestines. Tissues designated
for gene expression analysis were immediately placed in cryovials and submerged in liquid
nitrogen for RNA extraction.
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For comprehensive analyses, whole bodies from each treatment group were labeled
and stored at −80 ◦C for subsequent determination of body composition and whole-body
amino acid profiles.

2.4. Nutrient Content

The experimental diets and whole fish were analyzed following the AOAC protocols
(2016) [15]. The moisture content of the samples was analyzed using the direct drying
method. The samples were put in an oven at 105 ± 0.5 ◦C for 3 h until they reached a
constant weight. The protein content of the whole fish was determined using automatic
rapid nitrogen fixing (rapid N exceed, Elementar, Langenselbold, Germany). The ash
content was determined by complete combustion of samples. Each sample (2.0 ± 0.5 g) was
then ignited in the muffle furnace to ensure thorough combustion (600 ◦C, 2 h). The crude
lipid content was determined using the Soxhlet extraction method with a Soxhlet extraction
system (Extraction system-811, BUCHI, Flawil, Switzerland) and petroleum ether as the
extraction solvent. The extraction process lasted for 10 h to ensure complete extraction of
the lipid content from the sample. The gross energy content was determined through the
utilization of a bomb calorimeter (LRY-600A, produced by Chuangxin Ltd., Hebei, China).

2.5. Amino Acid Determination

An automated amino acid analyzer (L-8900, Hitachi, Ibaraki, Japan) was fully utilized
to determine the amino acid composition of fish [16]. Whole fish and feed powder samples
(40–50 mg) underwent hydrolysis with the use of hydrochloric acid (10 mL of 6 mol/L), and
the sample hydrolysate (110 ± 1 ◦C for hydrolysis for 22 h) was obtained after evaporation
(60 ◦C) and washing treatment. Both the sample hydrolysate and the standard solution
were then injected into the auto-sampling bottle, followed by the detection of amino acid
content through the amino acid analyzer.

2.6. Serum Biochemical Analysis

To analyze serum antioxidant and immune indicators, biochemical analyses were per-
formed, with enzyme activities and other biochemical parameters expressed per milliliter
or liter, for superoxide dismutase (SOD), malondialdehyde (MDA), alkaline phosphatase
(ACP), lysozyme (LZM), and immunoglobulin M (IgM) following the manufacturer’s
protocol utilizing commercially available kits from the Nanjing Jiancheng Bioengineering
Institute, Nanjing, China (Table 2).

Table 2. Chemical analysis kits used in the experiment.

Items Product Number Method

SOD A001-3 Based on the scavenging effect of SOD on superoxide radicals, one may gauge the activity of SOD
indirectly through the measurement of the absorbance of the purple product (at 450 nm).

MDA A003-1 MDA present in degradation products of lipid peroxides can react with thiobarbituric acid (TBA),
and the amount of MDA can be determined by measuring the absorbance of the resulting red
product (532 nm).

ACP A059-2-2 Alkaline phosphatase activity can be determined by measuring the phenol produced when alkaline
phosphatase hydrolyzes phenyl phosphate disodium substrate under alkaline conditions. The
phenol reacts with 4-aminoantipyrine in the presence of potassium ferricyanide to form a red
quinone complex that is measured at 520 nm.

LZM A050-1-1 At a specific concentration of opaque bacterial solution, the lysozyme hydrolyses the peptidoglycan
on the bacterial cell wall, resulting in bacterial cleavage and reduced concentration. This leads to an
increase in transmittance, which is measured at 530 nm to determine the lysozyme content.

IgM H109-1-1 The IgM level can be determined by measuring the turbidity produced when IgM in the sample
forms an immune complex with anti-IgM antibodies in the reagents. After incubation with the
reagents at 37 ◦C, the absorbance is measured at 340 nm, and the concentration is calculated from a
nonlinear calibration curve.

Note: SOD, superoxide dismutase; MDA, malondialdehyde; ACP, alkaline phosphatase; LZM, lysozyme; IgM,
immunoglobulin M.
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The serum biochemical parameters alanine aminotransferase (ALT), aspartate amino-
transferase (AST), triglycerides (TG), total protein (TP), glucose (GLU), and complement
components C3 and C4 were quantitatively analyzed using an MNCHIP Celercare V5
automatic biochemical analyzer (MNCHIP, Shanghai, China).

2.7. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The intestinal tissue samples were collected, treated with an appropriate amount of
liquid nitrogen, and ground in a cooled mortar maintained at −80 ◦C until they were fine
powder. Total RNA was extracted from the powder using TRIzol reagent (Ambion, San
Diego, CA, USA). To remove contaminating DNA, the sample was treated with Rnase-free
Dnase I (Thermo Scientific, Waltham, MA, USA). The mass of RNA was measured by
agarose gel electrophoresis, for which a 1% agarose gel was prepared and run at 110 V
for 30 min. The concentration and quality of the extracted RNA required for subsequent
experiments were determined using an ultra-micro UV-visible spectrophotometer (Thermo
Scientific NanoDrop 2000) with an A260 nm/A280 nm ratio between 1.8 and 2.0. Reverse
transcription was performed using the PrimeScriptTM RT Reagent Kit (Takara, Dalian,
China) according to the kit instructions. The cDNA concentration was measured using an
ultra-micro spectrophotometer, and samples with completed reverse transcription were
diluted to 50 ng/µL for dispensing and storage.

Use the NCBI website to design primers, ensuring avoidance of repeated bases and
adherence to a melting curve Tm value of 55–80 ◦C. It is typically recommended that primer
length falls between 18 and 27 bp, but should not exceed 38 bp, with a primer GC content
of 30–80%. The length of the PCR amplification product should fall within the range of
80–250 bp, with a primer annealing temperature of around 60 ◦C. Once primer design is
complete, a BLAST test should be carried out to verify its specificity (Table 3).

Table 3. Primers used for determining gene expression of hybrid sturgeon.

Genes Forward Primer Sequences (5′–3′) Reverse Primer Sequences (5′–3′) Length (bp) Accession Number

MyD88 CACATGCGTCACTGTCAAGG AGCATCACCAGCGAACTCAT 85 KU238084.1
GH AACTCCCCGTCAGCATTCTG AAGCAGCTCCACGTCTGATC 90 JX003684.1

IGF-1 TTCCGTCTTCCATCAGTGGC AGTGTCCACAAGCTCAGCTC 154 FJ428828.1
TLR1 CCAGCAATGCATTTTCTGACCGTGT AGTGAGTTGGCGCTGACATCCA 157 XM_034911210.1
TLR2 CTTTGCCTTCACAAACGCGA CACTGCGAACAAAGTGCTCC 118 XM_034014252.2
IL-8 CATCCATCCCAGGCAGATC TTGACCCAGCGGGCAGTT 112 MK140599.1
IL-6 TATACCAGCGGGAAGGACGA GCTGCTGTGCGAGAGGATAT 141 XM_033993799.2

NF-κB GCACAGCCTGGTTGGAAAG AGACGCCGAAGTTGTAGCC 179 XM_034013617.2
IL-1β GTGTGTGATGCTGGAGGTGA GGCTCAGAGTCACTTGCTGT 197 MF818014.1

TNF-α AGGAGCGGTCTCTACTTCGT TGTGCGACAGATATACGGGC 82 XM_034909934.1
IL-10 CTACGGCAGTGTCGAAGTGT TTGGGGTTGTGGAGTGCTTT 189 AY887900.1
TOR GCCCAGCTTTCGCATATTGG CGCTCGATCTCACCAGAGAC 95 OV754630.1
S6K1 TTTCGGACGAGGCCAAATCT CACCTCTACACCTGCACACT 143 XM_059025314.1

4EBP1 GGAGTAACCATGTTTAACGCAGT GACGCTCAGCAGCAACTTAC 247 XM_034052958.3
β-actin GTTGTTGACAACGGTTCCGG TCCTTCTGTCCCATGCCAAC 128 XM_034052523.2

Note: MyD88, myeloid differentiation primary response 88; GH, growth hormone; IGF-1, insulin-like growth
factor 1; TLR1, Toll-like receptor 1; TLR2, Toll-like receptor 2; IL-8, interleukin 8; IL-6, interleukin 6; NF-κB, nuclear
factor kappa-light-chain enhancer of activated B cells; IL-1β, interleukin 1 beta; TNF-α, tumor necrosis factor
alpha; IL-10, interleukin 10; TOR, target of rapamycin; S6K1, S6 kinase 1; 4EBP1, eukaryotic translation initiation
factor 4E binding protein 1.

RT-PCR was performed using the Takara TB Green® Premix Ex TaqTM II (Tli RnaseH
Plus) Kit, LightCycler® 480 Real-Time PCR System. β-actin was used as housekeeping gene.
Real-time PCR assays were performed on an ABI 7500 Real-Time instrument (Applied
Biosystems, Waltham, MA, USA). Three replicates of each amplification reaction were used
for comparison (Table 4). Relative gene expression level was determined by the 2−∆∆CT

method [17].
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Table 4. Real-time PCR amplification procedure.

Items
PCR Reaction Solution Preparation PCR Amplification Procedure

Reagent Consumption Concentration Procedure Instrument

RT-PCR

TB Green Premix Ex Taq II
(Tli RNaseH Plus) 10 µL 2× Step 1:

Reps: 1
95 ◦C 30 s

Step 2:
Reps: 40
95 ◦C 5 s
60 ◦C 34 s

7500 Real-Time
PCR System;

Applied
Biosystems,

Waltham, MA,
USA

ROX Reference Dye II 0.4 µL 50×
PCR Forward Primer 0.8 µL 10 µM
PCR Reverse Primer 0.8 µL 10 µM

cDNA 2 µL 50 ng/µL
DEPC H2O 6 µL

2.8. Calculations and Statistical Analysis

Survival rate (SR, %) = (total fish harvested/total fish cultured) × 100%; weight gain rate
(WGR, %) = ((W1 − W2)/W2) × 100%; specific growth rate (SGR, %/d) = (ln(W1/W2)/D) ×
100%; protein efficiency ratio (PER, %) = ((W1 − W2)/protein intake (g)) × 100%; feed con-
version ratio (FCR) = W3/total biomass gain (g); hepatosomatic index (HIS, %) = (W4/W1)
× 100%; where W1, W2, and D mean the wet fish weight (g), initial fish weight (g), and
feeding period (d), respectively, and W3 and W4 mean the dry feed intake (g), and liver
weight (g), respectively.

Data in the present study were statistically analyzed with 22.0 (SPSS, Chicago, IL,
USA), and all data were tested using Levene’s equal variance test for homogeneity of
variance. One-way ANOVA was used to assess the statistical significance among groups,
and mean separations were established by using Duncan’s multiple range test. Plots were
generated using Origin 2017 (OriginLab, Northampton, MA, USA), while graphs were
created with GraphPad Prism version 9.0 (GraphPad Software, San Diego, CA, USA). The
second-order polynomial regressive model and broken-line model were used to assess the
optimal dietary protein levels. Data are expressed as means ± S.E., and differences were
deemed to be statistically significant at p < 0.05.

3. Results
3.1. Growth

The growth performances of juvenile hybrid sturgeon-fed diets with various protein
levels are shown in Table 5. Fish SR ranged from 81.33% to 92.00%. Dietary protein
content significantly affected WGR, FCR, SGR, PER, and HSI (p < 0.05). The relationships of
dietary protein content with WGR, SGR, and PER were demonstrated using quadratic curve
models, which revealed that the optimal range of dietary protein for the maximum growth
performance of hybrid sturgeon was 36.4–38.3%. On the foundation of the broken-line
model assay with FCR as the appraisal standard, the optimal dietary protein level of the
diet for the maximum growth performance was 35.9% (Figure 1). The hybrid sturgeon
fed the 39% diet exhibited remarkably greater HSI than those fed the 36%, 42%, and 45%
protein diets (p < 0.05).

Table 5. The growth performance of hybrid sturgeon fed diets containing different protein levels.

Items
Dietary Protein Levels

30% (G1) 33% (G2) 36% (G3) 39% (G4) 42% (G5) 45% (G6)

IBW (g) 29.70 ± 0.36 29.17 ± 0.50 30.47 ± 1.50 30.60 ± 0.9 29.63 ± 0.9 30.23 ± 1.4
FBW (g) 136.13 ± 12.12 a 178.97 ± 25.81 b 191.16 ± 13.61 b 169.84 ± 11.47 ab 177.16 ± 22.93 b 158.09 ± 19.01 ab

SR (%) 81.33 ± 7.02 86.01 ± 5.30 86.67 ± 5.03 88.00 ± 5.30 92.00 ± 8.71 89.33 ± 4.61
WGR (%) 358.07 ± 35.81 a 514.55 ± 97.92 b 529.32 ± 66.19 b 512.74 ± 25.91 b 499.79 ± 95.86 b 422.89 ± 57.66 a

SGR (%/d) 7.60 ± 0.40 a 8.70 ± 0.32 b 9.18 ± 0.55 b 8.56 ± 0.23 ab 8.91 ± 0.80 b 8.25 ± 0.57 ab

FCR 2.06 ± 0.10 a 1.67 ± 0.35 b 1.48 ± 0.14 b 1.49 ± 0.13 b 1.51 ± 0.68 b 1.51 ± 0.74 b

PER (%) 1.88 ± 0.91 a 2.75 ± 0.62 ab 3.37 ± 0.29 b 2.75 ± 0.08 ab 3.24 ± 0.82 b 3.20 ± 0.51 b

HSI (%) 2.67 ± 1.03 bc 2.71 ± 0.52 bc 2.11 ± 0.58 ab 3.75 ± 1.05 c 1.81 ± 0.51 ab 0.80 ± 0.55 a

Note: Values represent means ± S.E. (n = 3). Values in the same row with different superscript letters are
significantly different (p < 0.05). IBW, initial mean body weight; FBW, final mean body weight; SR, survival rate;
WGR, weight gain rate; SGR, specific growth rate; FCR, feed conversion ratio; PER, protein efficiency ratio; HIS,
hepatosomatic index.
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specific growth rate; (c) broken-line analysis of the relationship between dietary protein levels and 
feed conversion ratio; (d) quadratic curve analysis of the relationship between dietary protein levels 
and protein efficiency ratio. The data are reported as means ± error (n = 3). 

Figure 1. Analysis of optimal dietary protein levels for growth and feed efficiency in hybrid sturgeon
through models. (a) Quadratic curve analysis of the relationship between dietary protein levels and
weight gain rate; (b) quadratic curve analysis of the relationship between dietary protein levels and
specific growth rate; (c) broken-line analysis of the relationship between dietary protein levels and
feed conversion ratio; (d) quadratic curve analysis of the relationship between dietary protein levels
and protein efficiency ratio. The data are reported as means ± error (n = 3).

3.2. Body Composition

Dietary protein levels significantly affected the moisture, crude protein, ash, and
crude lipid contents in the whole body (p < 0.05, Table 6). The hybrid sturgeon in the 42%
protein group yielded significantly more crude protein than the fish in the 30% protein
groups (p < 0.05), and the fish in the 30% and 45% protein groups had significantly lower
ash content than those in the other treatment groups (p < 0.05). The hybrid sturgeon in
the 33% protein group yielded significantly lower moisture contents than other protein
groups. Crude lipid contents initially increased with dietary protein levels from 30% to
42%, peaking at 13.31%, then slightly decreased at 45% protein. This indicates an optimal
dietary protein range of 39% to 42% for protein and lipid accumulation.

Table 6. Body composition of hybrid sturgeon fed diets containing different protein levels (%).

Items
Dietary Protein Levels

30% (G1) 33% (G2) 36% (G3) 39% (G4) 42% (G5) 45% (G6)

Moisture 72.04 ± 1.67 72.14 ± 1.50 72.73 ± 1.57 72.71 ± 1.44 72.82 ± 1.03 71.46 ± 1.55
Crude protein 13.30 ± 0.89 a 13.49 ± 0.66 ab 13.45 ± 0.78 ab 13.46 ± 0.89 ab 13.85 ± 0.77 b 13.71 ± 0.94 b

Crude lipid 11.12 ± 1.41 a 11.41 ± 1.68 a 11.86 ± 3.34 ab 13.31 ± 1.41 b 13.31 ± 1.47 b 12.61 ± 1.21 ab

Ash 2.30 ± 0.87 a 2.49 ± 0.65 bc 2.44 ± 0.77 bc 2.46 ± 0.88 bc 2.38 ± 0.76 b 2.27 ± 0.93 a

Note: Values represent means ± S.E. (n = 3). Values in the same row with different superscript letters are
significantly different (p < 0.05).

3.3. Amino Acids Profile

The dietary protein levels significantly affected valine, leucine, phenylalanine, lysine,
isoleucine, proline, and glutamic acid contents (Table 7; p < 0.05). The hybrid sturgeon
in the 33%, 36%, and 39% protein groups yielded significantly more leucine, lysine, and
proline than the fish in the 30% protein group (p < 0.05), and the fish fed the 39%, 42% and
45% diet yielded significantly more glutamic acid and isoleucine than sturgeon fed the 30%
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diet (p < 0.05). However, the phenylalanine contents of hybrid sturgeon fed the 30%, 33%,
36%, and 39% protein diets were similar.

Table 7. The whole-body amino acid composition of hybrid sturgeon fed diets containing different
protein levels (%).

Items
Dietary Protein Levels

30% (G1) 33% (G2) 36% (G3) 39% (G4) 42% (G5) 45% (G6)

Essential amino acids
Methionine 3.48 ± 0.02 3.52 ± 0.12 3.53 ± 0.11 3.51 ± 0.17 3.58 ± 0.04 3.51 ± 0.06
Threonine 2.84 ± 0.18 2.82 ± 0.41 3.09 ± 0.27 3.04 ± 0.28 3.34 ± 0.05 3.39 ± 0.07

Valine 3.28 ± 0.02 a 3.49 ± 0.12 a 3.53 ± 0.11 b 3.51 ± 0.17 b 3.78 ± 0.04 c 3.81 ± 0.06 c

Leucine 5.79 ± 0.07 a 6.10 ± 0.19 b 6.15 ± 0.13 b 6.19 ± 0.21 b 6.46 ± 0.15 c 6.51 ± 0.07 c

Phenylalanine 2.82 ± 0.03 a 3.00 ± 0.16 a 3.08 ± 0.15 a 3.03 ± 0.24 a 3.36 ± 0.09 b 3.39 ± 0.01 b

Isoleucine 3.11 ± 0.01 a 3.29 ± 0.11 b 3.33 ± 0.09 b 3.34 ± 0.13 b 3.52 ± 0.04 c 3.56 ± 0.04 c

Lysine 5.89 ± 0.07 a 6.37 ± 0.33 b 6.49 ± 0.28 b 6.46 ± 0.45 b 7.03 ± 0.06 c 7.04 ± 0.08 c

Histidine 1.65 ± 0.01 1.71 ± 0.24 1.61 ± 0.14 1.62 ± 0.18 1.85 ± 0.03 1.84 ± 0.01
Arginine 4.32 ± 0.06 4.46 ± 0.23 4.34 ± 0.27 4.56 ± 0.09 4.39 ± 0.05 4.48 ± 0.12

Non-essential amino acids
Proline 2.01 ± 0.06 a 2.15 ± 0.10 b 2.20 ± 0.11 b 2.25 ± 0.09 b 2.38 ± 0.01 c 2.39 ± 0.06 c

Aspartic acid 3.93 ± 0.15 4.25 ± 0.56 3.77 ± 0.19 4.04 ± 0.17 3.77 ± 0.03 3.77 ± 0.04
Serine 3.22 ± 0.12 2.73 ± 0.37 3.12 ± 0.21 3.25 ± 0.09 3.16 ± 0.10 3.26 ± 0.05

Glutamic acid 11.26 ± 0.21 a 12.01 ± 0.67 b 12.57 ± 0.45 bc 12.39 ± 0.44 bc 13.00 ± 0.24 c 13.09 ± 0.08 c

Glycine 4.58 ± 0.02 4.42 ± 1.15 3.81 ± 1.23 4.58 ± 1.13 3.33 ± 0.05 3.43 ± 0.10
Alanine 4.24 ± 0.05 4.24 ± 0.13 4.2 ± 0.17 4.34 ± 0.08 4.38 ± 0.05 4.38 ± 0.05
Cystine 0.97 ± 0.01 0.99 ± 0.07 0.97 ± 0.05 0.96 ± 0.02 1.04 ± 0.01 1.03 ± 0.02
Tyrosine 2.61 ± 0.01 2.66 ± 0.13 2.6 ± 0.06 2.58 ± 0.01 2.71 ± 0.01 2.71 ± 0.06

Note: Values represent means ± S.E. (n = 3). Values in the same row with different superscript letters are
significantly different (p < 0.05).

3.4. Plasma Metabolite Contents

The TG, TP, ALT, AST, GLU, SOD, and MDA levels of juvenile hybrid sturgeon fed a
variety of dietary protein levels are shown in Table 8. The effects of dietary protein levels
on GLU, ALT, TG, SOD, and MDA levels were significant (p < 0.05). Specifically, G3 and G4
exhibited significantly higher GLU levels than G1 (p < 0.05), marking a clear influence of
dietary variations on glucose metabolism. Similarly, G2 and G3 showed elevated levels
of ALT, indicating changes in liver enzyme activities due to dietary protein levels, with
G2 displaying significantly higher ALT levels than G1, G5, and G6 (p < 0.05). The TG
levels in G3 were significantly higher than those in G1 (p < 0.05), reflecting differences
in lipid metabolism among the groups. Moreover, a remarkable increase in SOD activity
was observed in G3–G6 compared to G1 (p < 0.05), suggesting an enhanced antioxidative
defense mechanism in response to specific dietary proteins. However, TP and ALB levels
across all groups remained unaffected by the dietary protein levels (p > 0.05). MDA levels
showed significant variations, with G2–G6 exhibiting lower levels (p < 0.05) than G1.

Table 8. The serum indices of hybrid sturgeon fed diets containing different protein levels.

Items
Dietary Protein Levels

30% (G1) 33% (G2) 36% (G3) 39% (G4) 42% (G5) 45% (G6)

GLU (mmol/L) 4.61 ± 0.91 a 5.36 ± 0.63 ab 6.03 ± 0.76 b 5.96 ± 0.72 b 5.08 ± 1.12 ab 5.28 ± 1.15 ab

TP (g/L) 27.32 ± 6.46 30.76 ± 4.04 30.29 ± 3.05 27.08 ± 3.10 29.47 ± 5.09 29.29 ± 8.19
ALB (g/L) 11.13 ± 1.53 12.67 ± 1.49 11.72 ± 1.58 11.49 ± 1.32 11.52 ± 1.28 11.77 ± 2.51

ALT (U/mL) 7.11 ± 3.33 ab 9.11 ± 4.46 b 7.78 ± 3.23 ab 7.56 ± 1.81 ab 5.89 ± 2.03 a 5.22 ± 2.33 a

AST (U/mL) 554.41 ± 268.15 694.45 ± 177.91 693.31 ± 214.30 701.00 ± 181.52 504.46 ± 64.83 562.22 ± 146.44
TG (mmol/L) 5.90 ± 2.56 a 6.29 ± 1.38 ab 8.23 ± 2.36 b 6.69 ± 1.97 ab 6.36 ± 2.22 ab 5.77 ± 2.16 a

SOD (U/mL) 44.85 ± 2.15 a 50.49 ± 1.52 ab 54.45 ± 4.02 b 84.63 ± 6.21 e 81.34 ± 0.83 e 66.21 ± 2.07 d

MDA (nmol/mL) 4.17 ± 0.12 e 2.32 ± 0.18 b 2.34 ± 0.06 b 2.05 ± 0.09 a 2.70 ± 0.07 c 2.92 ± 0.15 d

Note: Values represent means ± S.E. (n = 3). Values in the same row with different superscript letters are
significantly different (p < 0.05). GLU, glucose; TP, total protein; ALB, albumin; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; TG, triglyceride; SOD, superoxide dismutase; MDA, malondialdehyde.
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3.5. Hematological Immune Parameters

Plasma immune parameters are shown in Table 9. LZM activity significantly increased
from 99.46 ± 10.34 U/mL in the 30% protein group to 287.53 ± 11.99 U/mL in the 42% pro-
tein group (p < 0.05). ACP levels showed a substantial elevation from 257.97 ± 6.57 U/mL
in the 30% protein group to 370.82 ± 3.95 U/mL in the 39% protein group (p < 0.05).
C3 and C4 levels were significantly enhanced, with the highest levels observed in the
36% protein group for C3 (16.41 ± 0.56 mg/mL) and in the 42% protein group for C4
(1.75 ± 0.16 mg/mL) (p < 0.05). IgM concentrations increased with dietary protein, peaking
at 118.90 ± 8.55 mg/mL in the 36% protein group (p < 0.05).

Table 9. The serum immune and inflammatory markers of hybrid sturgeon fed diets containing
different protein levels (%).

Items
Dietary Protein Levels

30% (G1) 33% (G2) 36% (G3) 39% (G4) 42% (G5) 45% (G6)

LZM (U/mL) 99.46 ± 10.34 a 190.48 ± 18.47 b 247.96 ± 19.07 d 251.25 ± 18.90 d 287.53 ± 11.99 e 218.24 ± 17.06 c

ACP (U/mL) 257.97 ± 6.57 a 273.77 ± 7.19 b 326.82 ± 4.74 d 370.82 ± 3.95 e 365.21 ± 4.23 e 287.14 ± 4.63 c

C3 (mg/mL) 12.38 ± 1.15 a 14.17 ± 1.41 b 16.41 ± 0.56 d 15.68 ± 0.55 cd 14.83 ± 1.41 bc 12.66 ± 1.08 a

C4 (mg/mL) 1.39 ± 0.15 a 1.52 ± 0.13 b 1.66 ± 0.18 c 1.74 ± 0.20 cd 1.75 ± 0.16 d 1.70 ± 0.16 cd

IgM (mg/mL) 94.92 ± 3.84 a 109.18 ± 9.41 b 118.90 ± 8.55 c 113.28 ± 4.22 bc 112.73 ± 6.42 bc 113.11 ± 7.19 bc

Note: Value represents mean ± S.E. (n = 3). Values in the same row with different superscript letters are
significantly different (p < 0.05). LZM, lysozyme; ACP, acid phosphatase; C3, complement 3; C4, complement 4;
IgM, globulin M.

3.6. Gene Expression Profiling

Dietary protein levels were adjusted between 30% and 45%, and their effects on the
relative expression of GH, IGF-1, MyD88, TLR1, IL-8, IL-6, NF-κB, IL1β, TNF-α, IL-10,
TLR2, TOR, 4EBP1, and S6K1 in intestine were assessed (Figures 2–5). Our findings reveal a
distinctive pattern of gene expression modulation in response to dietary protein alterations.
At dietary protein levels of 33% and 36%, a notable modulation in the expression of
MyD88, TLR1, IL-8, IL-6, NF-κB, and IL1β was observed, indicating a peak in immune
responsiveness. Specifically, the expression levels of TLR1, IL-10, GH, IGF-1, and TOR-
related genes demonstrated significant upregulation at higher protein levels, peaking at
39%, before displaying a gradual decrease at 45%. Conversely, genes such as TNF-α and
TLR2 exhibited a downregulation with increasing protein levels, indicating a potential
suppressive effect of high dietary protein on certain immune pathways. The GH/IGF-1
and TOR signaling pathway, through its components GH, IGF-1, TOR, 4EBP1, and S6K1,
showed enhanced activation at protein levels up to 39%, beyond which a diminishing
response was evident.
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Figure 2. Effects of different protein levels on GH and IGF-1 expression in the intestine of hybrid
sturgeon (n = 3). β-actin was used as the housekeeping gene to normalize the data. Letters indicate
significant differences.
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Figure 3. Impact of varied protein levels on the expression of TOR, S6K1, and 4EBP1 in the intestine
of hybrid sturgeon (n = 3). β-actin was used as the housekeeping gene to normalize the data. Letters
indicate significant differences.
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Figure 4. Influence of dietary protein levels on innate immunity gene expression in the intestine of
hybrid sturgeon (n = 3). β-actin was used as the housekeeping gene to normalize the data. Letters
indicate significant differences.
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Figure 5. Effects of dietary protein levels on inflammatory response gene expression in the intestine
of hybrid sturgeon (n = 3). β-actin was used as the housekeeping gene to normalize the data. Letters
indicate significant differences.

4. Discussion
4.1. Growth Performance

This investigation into the dietary protein requirements and feed utilization efficiency
of hybrid sturgeons showed considerable protein demand (35.9–38.3%). This finding is
in agreement with research on various other fish species, including Diplodus vulgaris [18],
Acanthopagrus schlegelii [19], Clarias magur [20], and Macrobrachium nipponense [21], all of
which have shown similar dietary protein requirements. Consistent with the literature, pro-
tein deficiency is often a limiting factor for fish growth, as higher dietary protein levels are
known to facilitate more rapid growth [22,23]. Nonetheless, the adverse effects of protein
levels exceeding the optimal range, including compromised protein synthesis capacity [24]



Biology 2024, 13, 324 12 of 18

and decreased energy utilization [25], underscore the importance of determining an ideal
protein-to-energy ratio to optimize growth performance in sturgeon aquaculture.

Moreover, the feed conversion ratio (FCR) serves as a critical indicator of aquaculture
efficiency, reflecting the effectiveness of converting feed into biomass [26]. The observed
trend in FCR, where it decreased with increasing dietary protein levels up to 36%, highlights
the optimal utilization of dietary protein for growth at this percentage. Beyond 36%
protein, it appears that additional protein is primarily utilized for energy rather than
growth, suggesting diminishing returns on growth efficiency. This finding is consistent
with data from studies on other fish species, such as hybrid sturgeon Acipenser baerii × A.
gueldenstaedtii [11], Rhamdia quelen [27], Trachinotus blochii [28], and Oreochromis niloticus [29],
which also reported improved FCR with higher dietary protein levels up to an optimal point.
Given that the diets were isoenergetic, it is unlikely that energy availability influenced
feed intake. Instead, increased protein beyond 36–39% likely exceeded the daily protein
requirement for muscle accretion, as evidenced by the PER findings, and was utilized for
energy. This shift in protein utilization underscores the importance of balancing dietary
protein to meet but not excessively surpass the growth-specific requirements of hybrid
sturgeon. Notably, the dynamics of higher protein intake might also enhance satiety,
potentially influencing overall energy intake and growth, thus adding complexity to dietary
formulations in aquaculture [30]. Contrary to the findings on O. niloticus [31] and Nibea
coibor [32], which reported an initial FCR increase followed by a decrease with higher
protein content, our study demonstrates the nuanced impact of dietary protein on FCR in
hybrid sturgeons. This highlights the species-specific nature of dietary requirements and
the potential for tailored nutritional strategies to improve aquaculture productivity.

4.2. Body Amino Acids

Our study elucidates the pivotal role of dietary protein levels in modulating the amino
acid profiles in hybrid sturgeon, demonstrating marked increases in essential amino acids
such as lysine, leucine, and isoleucine with higher-protein diets. These findings echo those
observed in sterlet sturgeon (Acipenser ruthenus), highlighting the universal importance
of balanced dietary proteins for optimal fish growth and health through enhanced amino
acid assimilation [33]. Furthermore, the nonlinear response of phenylalanine suggests a
potential species-specific adaptation or saturation threshold in amino acid metabolism, a
phenomenon also noted in other piscine species [34].

While increases in amino acids correlate with dietary protein levels, the direct link
between these elevated amino acid concentrations and enhanced biological functionality or
growth performance is not straightforward. The presence of higher amino acid levels does
not automatically translate to improved health or growth, underscoring the necessity for a
balanced approach considering both amino acid availability and digestibility [35].

Although our study did not directly analyze amino acid levels in serum, understanding
their bioavailability and metabolic utilization through dietary interventions is crucial. Re-
flecting immediate dietary intake, plasma amino acid concentrations can indicate metabolic
responses to diet composition, as demonstrated in other species [36]. Our analysis of dietary
and body amino acid profiles revealed differential uptake and utilization, where essential
amino acids such as lysine and leucine showed effective assimilation, unlike phenylalanine,
which exhibited little variation across diets.

These differential responses to dietary amino acids underscore the complex interplay
among diet, genetics, and metabolic regulation, suggesting that while dietary modifications
can enhance nutrient availability, genetic factors largely govern protein synthesis in fish,
determining the efficiency and pattern of synthesis irrespective of dietary abundance [37].

To further clarify the impact of dietary amino acids on serum profiles and overall
metabolic health in hybrid sturgeon, future research should include detailed analyses
of blood or serum post-dietary interventions. Such studies are essential for elucidating
amino acid metabolism kinetics and their endocrine regulation, crucial for tailoring dietary
formulations to optimize growth and health in aquaculture settings [38].
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4.3. Plasma Metabolites

Total protein (TP), comprising both albumin and globulin, serves as an indicator of
overall protein synthesis and nutritional status in fish, reflecting their health and well-
being [39]. Anomalies in TP levels necessitate detailed analyses to discern which specific
protein fraction is impacted, underscoring the need for precise nutritional management.
However, in the current study, TP levels remained unaffected by dietary protein variations,
presenting a contradiction to findings in Acanthopagrus schlegelii, where TP levels exhibited
a direct correlation with dietary protein intake [40]. This discrepancy could be attributed to
differences in species-specific metabolic responses or dietary formulations. For instance,
in juvenile tiger puffer (Takifugu rubripes), TP levels were positively associated not with
dietary protein but with lipid levels, suggesting a complex interaction between dietary
macronutrients in influencing TP [41]. The isolipidic nature of diets in the present study
could potentially explain the lack of significant findings regarding TP levels. Additionally,
it is important to consider that the blood profiles in our study were collected from fish that
had been starved for 24 h, which may have influenced the similarity in TP levels across
different dietary treatments. Fasting could potentially normalize some blood parameters,
masking variations that might otherwise reflect differences in dietary protein intake.

Enzymatic agents, specifically alanine aminotransferase (ALT) and aspartate amino-
transferase (AST), are fundamental to the processes involved in nitrogen metabolism,
essential for the synthesis of proteins and for supplying energy in the liver, thus acting as
biomarkers for nutritional and health status in fish [42]. The positive correlation observed
between dietary protein and activities of ALT and AST in this study is consistent with
previous research on Procambarus clarkii and Sparus macrocephalus, indicating an adaptive
mechanism in hybrid sturgeons to modulate protein catabolism following adjustments in
levels of protein intake [43,44]. Conversely, in Larimichthys crocea, dietary protein did not
significantly alter liver ALT or AST activity, likely reflecting its efficient protein digestion
and utilization capabilities [45]. This indicates species-specific variations in the response
to dietary protein, with certain species like Aristichthys nobilis experiencing potential liver
damage at high dietary protein levels, as indicated by increased blood AST and ALT
levels [46].

Plasma glucose (GLU) levels serve as an additional indicator of dietary protein utiliza-
tion, reflecting the intricate balance among intake, hepatic synthesis, and cellular uptake
processes, which include glycolysis, gluconeogenesis, and glycogenesis [47]. Furthermore,
the activities of ALT and AST are intricately linked to GLU production through the mo-
bilization of amino acids via gluconeogenesis [48]. The elevation of AST and GLU levels
in fish fed a 36% protein diet in this study could indicate mobilization of aspartate for
GLU production, aligning with observations in O. niloticus, where increased GLU levels
were associated with improved growth and development, underpinning the crucial role of
dietary protein in supporting energy demands [49].

The investigation into the impact of dietary protein on antioxidant capability, such
as superoxide dismutase (SOD) activity and malondialdehyde (MDA) levels, highlighted
the complex relationship between nutrition, immune function, and oxidative stress man-
agement in fish [50]. Despite the lack of significant changes in SOD activity and MDA
levels with varying dietary protein levels, contrasting findings in Epinephelus coioides and
O. niloticus suggest a potential positive correlation between dietary protein and antioxidant
capacity [51,52]. These differences may reflect the multifaceted nature of the interactions
between dietary components, immune status, and the body’s capacity to neutralize reactive
oxygen species, which revealed notably increased levels of SOD and MDA with dietary
protein increased in this study.

4.4. Immune Response

The observed increases in LZM activity, ACP levels, and C3 and C4 complement
components with higher dietary protein percentages underscore the critical role of protein
in enhancing the innate immune system of juvenile hybrid sturgeon. This is consistent with
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existing literature suggesting that adequate protein nutrition is vital for optimal immune
responses in fish [53]. Specifically, the marked elevation in LZM and ACP activities in
groups receiving higher-protein diets indicates a strengthened first-line defense against
pathogens, likely due to the provision of essential amino acids for synthesizing these
immune molecules [54]. Furthermore, the significant enhancements in C3 and C4 levels,
particularly in groups fed with 36% and 42% protein, align with findings that complement
proteins play a key role in the opsonization and clearance of pathogens, enhancing the
fish’s disease resistance [55]. The relationship between dietary protein levels and IgM
concentrations, peaking in the 36% protein group, corroborates the notion that dietary
nutrients directly influence the adaptive immune system, impacting antibody production
and overall immunocompetence [56]. These findings contribute to the growing body of
evidence supporting the optimization of dietary protein levels for improving sturgeon
health and disease resistance. However, the results also highlight the need for a balanced
approach to dietary formulation, as excessive protein can lead to environmental and
metabolic inefficiencies [4].

4.5. Gene Expression

Growth hormone (GH) and insulin-like growth factor 1 (IGF-1) are crucial in man-
aging nutrient metabolism processes and are fundamental in stimulating overall body
development across vertebrates, including fish [57]. GH operates by binding to its specific
receptors located in various target tissues, subsequently initiating the production of IGF-1
within the liver and peripheral tissues. IGF-1 is a critical mediator of the growth-promoting
effects attributed to GH, influencing numerous physiological processes essential for growth
and development [58]. The correlation between hepatic IGF-1 mRNA levels and growth
rates in fish underscores the importance of this hormonal axis in aquaculture species [59].
Our findings indicate that dietary protein levels significantly influence the expression
levels of GH and IGF-1 in juvenile hybrid sturgeons, with higher dietary protein content
correlating with an upregulation in hepatic GH and IGF-1 expression. This pattern is
consistent with observations in other fish species, such as Larimichthys polyactis [22] and
hybrid striped bass (Morone saxatilis × M. chrysops) [60], highlighting the conserved nature
of this growth-regulatory mechanism across different taxa. However, the literature also
presents instances where increased dietary protein led to a reduction in IGF-1 levels, as
documented by Gomes et al. (2003) [61]. This apparent contradiction might be attributed to
the multifaceted nature of hormonal regulation, which can be influenced by myriad factors,
including environmental temperature, the metabolic state of the organism, and the complex
interplay between different hormones [62].

This study on juvenile hybrid sturgeon has shown that dietary protein levels also
significantly influence the expression of genes associated with immune function. Mod-
ulation of gene expression was particularly noted at dietary protein levels of 33% and
36%, highlighting an enhanced immune responsiveness through upregulated expression of
MyD88, TLR1, IL-8, IL-6, NF-κB, and IL1β. This suggests that specific dietary protein levels
can optimize immune gene expression, with peak responses observed at 39% protein before
a reduction at 45%. Such findings align with the understanding that dietary nutrients play
an important role in modulating immune responses in fish [63]. However, it is important
to clarify that changes in gene expression may not directly reflect alterations in protein
activity. The relationship between diet, gene expression, and protein function should be
interpreted cautiously, as the actual protein activities were not measured in this study. The
observed gene expression levels indicate potential impacts on immune function, but their
actual effects at the protein level and subsequent physiological responses remain putative
without further protein activity analysis.

The downregulation of genes such as TNF-α and TLR2 with increased protein levels
indicates a nuanced relationship between dietary protein and immune pathway activation,
potentially suggesting a suppressive effect of high dietary protein on specific immune
responses. Meanwhile, the enhanced activation of the GH/IGF-1 and TOR signaling
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pathways up to a protein level of 39% underscores the importance of dietary protein in
supporting growth through nutrient sensing and signaling mechanisms [64,65].

The findings underscore the complex interplay between dietary protein levels and
gene expression patterns related to immunity and growth in hybrid sturgeon, suggesting
an optimal protein range for maximizing health and growth performance. However, it is
important to acknowledge that while amino acids are known to influence gene expression,
this does not necessarily translate directly to protein activity levels. Therefore, further
research into the specific mechanisms by which dietary protein modulates these pathways,
including studies on protein activity, will be critical for developing tailored nutritional
strategies for aquaculture species. Such strategies aim to enhance productivity and dis-
ease resistance by bridging the gap between gene expression changes and actual protein
functionality.

5. Conclusions

The study concludes that the optimal dietary protein level for juvenile hybrid stur-
geon (Acipenser baerii × A. schrenckii) enhances growth, serum biochemistry, amino acid
composition, and particularly influences intestine gene expression related to growth and
immune functions. Key findings include a dietary protein range of 35.9% to 38.3% being
optimal for growth, with significant effects on immune parameters such as lysozyme,
complement components, immunoglobulin levels, and gene expression, including MyD88,
TLRs, and TOR signaling pathways, demonstrating the intertwined relationship between
nutrition, growth, and immune health in hybrid sturgeon. This finding is significant for
the development of nutritionally balanced feeds, aiding in the efficient and semi-intensive
culturing of hybrid sturgeon.

Author Contributions: Conceptualization, C.W.; methodology, C.W.; resources, H.J. and S.H.; data
curation, C.W.; writing—original draft preparation, E.L.; writing—review and editing, E.L., S.L. and
C.W.; visualization, H.S. and G.Q.; supervision, C.W., H.L. and H.Z.; project administration, C.W. and
H.L.; funding acquisition, C.W. and H.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by the National Key Research and Development Program of
China (2023YFD2400400-5), the China Agriculture Research System of MOF and MARA (CARS-46),
the Central Public-Interest Scientific Institution Basal Research Fund, HRFRI (HSY202202M), the
Key Scientific Research Project of Heilongjiang Province (JD22A017), the Central Public-Interest
Scientific Institution Basal Research Fund, CAFS (2023TD60; 2023TD96), the Natural Science Fund of
Heilongjiang Province (LH2023C057), and the National Postdoctoral Fund (2022MD713817).

Institutional Review Board Statement: The animal study was reviewed and approved by the
Committee for the Welfare and Ethics of Laboratory Animals of Heilongjiang River Fisheries Re-
search Institute, CAFS (20200615). Written informed consent was obtained from the owners for the
participation of their animals in this study.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, and further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors thank the participants who gave their time to the trial.

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

References
1. Hao, Q.; Teame, T.; Wu, X.; Ding, Q.; Ran, C.; Yang, Y.; Xing, Y.; Zhang, Z.; Zhou, Z. Influence of diet shift from bloodworm

to formulated feed on growth performance, gut microbiota structure and function in early juvenile stages of hybrid sturgeon
(Acipenser baerii × Acipenser schrenckii). Aquaculture 2021, 533, 736165. [CrossRef]

2. Yang, S.; Liu, Z.; Yan, Z.; Zhao, Z.; Zhang, C.; Gong, Q.; Du, X.; Wu, J.; Feng, Y.; Du, J. Improvement of skeletal muscle growth by
GH/IGF growth-axis contributes to growth performance in commercial fleshy sturgeon. Aquaculture 2021, 543, 736929. [CrossRef]

https://doi.org/10.1016/j.aquaculture.2020.736165
https://doi.org/10.1016/j.aquaculture.2021.736929


Biology 2024, 13, 324 16 of 18

3. Teles, A.O.; Couto, A.; Enes, P.; Peres, H. Dietary protein requirements of fish—A meta-analysis. Rev. Aquac. 2020, 12, 1445–1477.
[CrossRef]

4. Li, X.; Zheng, S.; Wu, G. Nutrition and functions of amino acids in fish. Adv. Exp. Med. Biol. 2021, 1285, 133–168. [CrossRef]
5. Kaushik, S.; Seiliez, I. Protein and amino acids nutrition and metabolism in fish: Current knowledge and future needs. Aquac. Res.

2010, 41, 322–332. [CrossRef]
6. Ahmadifar, E.; Mohammadzadeh, S.; Kalhor, N.; Salehi, F.; Eslami, M.; Zaretabar, A.; Moghadam, M.S.; Hoseinifar, S.H.; Van Doan,

H. Effects of caffeic acid on the growth performance, growth genes, digestive enzyme activity, and serum immune parameters of
beluga (Huso huso). Exp. Zool. Part A Ecol. Integr. Physiol. 2022, 337, 715–723. [CrossRef]

7. Safari, R.; Hoseinifar, S.H.; Imanpour, M.R.; Mazandarani, M.; Sanchouli, H.; Paolucci, M. Effects of dietary polyphenols on
mucosal and humoral immune responses, antioxidant defense and growth gene expression in beluga sturgeon (Huso huso).
Aquaculture 2020, 528, 735494. [CrossRef]

8. Ahmadifar, E.; Eslami, M.; Kalhor, N.; Zaretabar, A.; Mohammadzadeh, S.; Shahriari Moghadam, M.; Yousefi, M.; Ahmadifar,
M.; Hoseinifar, S.H.; Pusadee, T.; et al. Effect of a diet enriched with sodium propionate on growth performance, antioxidant
property, innate-adaptive immune response, and growth-related genes expression in critically endangered beluga sturgeon (Huso
huso). Fish Shellfish Immunol. 2022, 125, 101–108. [CrossRef]

9. Moore, B.J.; Hung, S.S.O.; Medrano, J.F. Protein requirement of hatchery-produced juvenile white sturgeon (Acipenser transmon-
tanus). Aquaculture 1988, 71, 235–245. [CrossRef]

10. Mohseni, M.; Sajjadi, M.; Pourkazemi, M. Growth performance and body composition of sub-yearling Persian sturgeon,(Acipenser
persicus, Borodin, 1897), fed different dietary protein and lipid levels. J. Appl. Ichthyol. 2007, 23, 204–208. [CrossRef]

11. Guo, Z.; Zhu, X.; Liu, J.; Han, D.; Yang, Y.; Lan, Z.; Xie, S. Effects of dietary protein level on growth performance, nitrogen and
energy budget of juvenile hybrid sturgeon, Acipenser baerii × A. gueldenstaedtii. Aquaculture 2012, 338, 89–95. [CrossRef]

12. Huang, Y.S.; Wen, X.B.; Li, S.K.; Xuan, X.Z.; Zhu, D.S. Effects of protein levels on growth, feed utilization, body composition,
amino acid composition and physiology indices of juvenile chu’s croaker, Nibea coibor. Aquac. Nutr. 2017, 23, 594–602. [CrossRef]

13. Fan, Z.; Wu, D.; Zhang, Y.; Li, J.; Xu, Q.; Wang, L. Carbonate alkalinity and dietary protein levels affected growth performance,
intestinal immune responses and intestinal microflora in Songpu mirror carp (Cyprinus carpio Songpu). Aquaculture 2021, 545,
737135. [CrossRef]

14. Fuentes, E.; Valdés, J.; Molina, A.; Björnsson, B. Regulation of skeletal muscle growth in fish by the GH-IGF system. Gen. Comp.
Endocrinol. 2013, 192, 136–148. [CrossRef]

15. Official Methods of Analysis of AOAC International; AOAC: Washington, DC, USA, 2016.
16. Wang, Y.; Wang, C.A.; Liu, S.; Zhang, S.; Lu, S.; Liu, H.; Zhang, Y. Effects of dietary arginine on growth performance, digestion,

absorption ability, antioxidant capability, gene expression of intestinal protein synthesis, and inflammation-related genes of
triploid juvenile Oncorhynchus mykiss fed a low-fishmeal diet. Aquac. Nutr. 2022, 2022, 3793727. [CrossRef]

17. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2 (−delta delta
c(t)) method. Methods 2001, 25, 402–408. [CrossRef]

18. Bulut, M.; Yiğit, M.; Ergün, S.; Kesbiç, O.S.; Acar, Ü.; Gültepe, N.; Karga, M.; Yılmaz, S.; Güroy, D. Evaluation of dietary protein
and lipid requirements of two-banded sea bream (Diplodus vulgaris) cultured in a recirculating aquaculture system. Aquac. Int.
2014, 22, 965–973. [CrossRef]

19. Wang, L.; Xiao, J.X.; Hua, Y.; Xiang, X.W.; Zhou, Y.F.; Ye, L.; Shao, Q.J. Effects of dietary selenium polysaccharide on growth
performance, oxidative stress and tissue selenium accumulation of juvenile black sea bream, Acanthopagrus schlegelii. Aquaculture
2019, 503, 389–395. [CrossRef]

20. Mir, I.N.; Srivastava, P.P.; Bhat, I.A.; Jaffar, Y.D.; Sushila, N.; Sardar, P.; Kumar, S.; Muralidhar, A.P.; Jain, K.K. Optimal dietary
lipid and protein level for growth and survival of catfish Clarias magur larvae. Aquaculture 2020, 520, 734678. [CrossRef]

21. Lv, B.; Liu, B.; Zhou, Q.; Song, C.; Sun, C.; Zhang, H.; Liu, B.; Jiang, Z.; Jiang, S.; Liu, M. Effects of different temperatures and
protein levels on growth performance, physiological response and expression of immune-related genes of juvenile oriental river
prawn (Macrobrachium nipponense). Aquaculture 2021, 536, 736435. [CrossRef]

22. Ma, B.; Wang, L.; Lou, B.; Tan, P.; Xu, D.; Chen, R. Dietary protein and lipid levels affect the growth performance, intestinal
digestive enzyme activities and related genes expression of juvenile small yellow croaker (Larimichthys polyactis). Aquac. Rep.
2020, 17, 100403. [CrossRef]

23. Yu, H.; Liang, H.; Ren, M.; Ge, X.; Ji, K.; Huang, D.; Pan, L.; Xia, D. A study to explore the effects of low dietary protein levels on
the growth performance and nutritional metabolism of grass carp (Ctenopharyngodon idella) fry. Aquaculture 2022, 546, 737324.
[CrossRef]

24. Jin, Y.; Tian, L.; Xie, S.; Guo, D.; Yang, H.; Liang, G.; Liu, Y. Interactions between dietary protein levels, growth performance, feed
utilization, gene expression and metabolic products in juvenile grass carp (Ctenopharyngodon idella). Aquaculture 2015, 437, 75–83.
[CrossRef]

25. McGoogan, B.B.; Gatlin, D.M. Dietary manipulations affecting growth and nitrogenous waste production of red drum, Sciaenops
ocellatus: II. Effects of energy level and nutrient density at various feeding rates. Aquaculture 2000, 182, 271–285. [CrossRef]

26. Fletcher, D.J. The physiological control of appetite in fish. Comp. Biochem. Physiol. A 1984, 78, 617–628. [CrossRef]
27. Salhi, M.; Bessonart, M.; Chediak, G.; Bellagamba, M.; Carnevia, D. Growth, feed utilization and body composition of black

catfish, Rhamdia quelen, fry-fed diets containing different protein and energy levels. Aquaculture 2004, 231, 435–444. [CrossRef]

https://doi.org/10.1111/raq.12391
https://doi.org/10.1007/978-3-030-54462-1_8
https://doi.org/10.1111/J.1365-2109.2009.02174.X
https://doi.org/10.1002/jez.2607
https://doi.org/10.1016/j.aquaculture.2020.735494
https://doi.org/10.1016/j.fsi.2022.04.031
https://doi.org/10.1016/0044-8486(88)90262-1
https://doi.org/10.1111/j.1439-0426.2007.00866.x
https://doi.org/10.1016/j.aquaculture.2012.01.008
https://doi.org/10.1111/anu.12426
https://doi.org/10.1016/j.aquaculture.2021.737135
https://doi.org/10.1016/j.ygcen.2013.06.009
https://doi.org/10.1155/2022/3793727
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1007/s10499-013-9720-z
https://doi.org/10.1016/j.aquaculture.2019.01.033
https://doi.org/10.1016/j.aquaculture.2019.734678
https://doi.org/10.1016/j.aquaculture.2021.736435
https://doi.org/10.1016/j.aqrep.2020.100403
https://doi.org/10.1016/j.aquaculture.2021.737324
https://doi.org/10.1016/j.aquaculture.2014.11.031
https://doi.org/10.1016/S0044-8486(99)00260-4
https://doi.org/10.1016/0300-9629(84)90608-X
https://doi.org/10.1016/j.aquaculture.2003.08.006


Biology 2024, 13, 324 17 of 18

28. Prabu, D.L.; Ebeneezar, S.; Chandrasekar, S.; Tejpal, C.S.; Kavitha, M.; Sayooj, P.; Vijayagopal, P. Influence of graded level of
dietary protein with the equated level of limiting amino acids on growth, feed utilization, body indices and nutritive profile of
snub nose pompano, Trachinotus blochii (Lacepede, 1801) reared in low saline water. Anim. Feed Sci. Technol. 2020, 269, 114685.
[CrossRef]

29. Nguyen, H.Y.N.; Trinh, T.L.; Baruah, K.; Lundh, T.; Kiessling, A. Growth and feed utilization of Nile tilapia (Oreochromis niloticus)
fed different protein levels in a clear-water or biofloc-RAS system. Aquaculture 2021, 536, 736404. [CrossRef]

30. Miao, S.; Han, B.; Li, J.; Hu, J.; Wan, W.; Sun, L.; An, Z. Effects of dietary protein level on the growth performance, feed utilization
and immunity of red swamp crayfish Procambarus clarkia. Aquac. Rep. 2020, 18, 100540. [CrossRef]

31. Liu, W.; Wen, H.; Luo, Z. Effect of dietary protein levels and feeding rates on the growth and health status of juvenile genetically
improved farmed tilapia (Oreochromis niloticus). Aquac. Int. 2018, 26, 153–167. [CrossRef]

32. Coutinho, F.; Peres, H.; Castro, C.; Pérez, J.A.; Magalhães, R.; Pousão, F.P.; Oliva, T.A. Dietary protein requirement of zebra sea
bream (Diplodus cervinus, Lowe 1838) juveniles. Aquac. Nutr. 2016, 22, 465–471. [CrossRef]

33. Lee, D.H.; Lim, S.; Lee, S. Dietary protein requirement of fingerling sterlet sturgeon (Acipenser ruthenus). J. Appl. Ichthyol. 2021, 37,
687–696. [CrossRef]

34. Hosomi, R.; Fukunaga, K.; Arai, H.; Nishiyama, T.; Yoshida, M. Effects of dietary fish protein on serum and liver lipid
concentrations in rats and the expression of hepatic genes involved in lipid metabolism. J. Agric. Food Chem. 2009, 57, 9256–9262.
[CrossRef]

35. Seiliez, I.; Panserat, S.; Lansard, M.; Polakof, S.; Plagnes-Juan, E.; Surget, A.; Dias, K.; Larquier, M.; Kaushik, S.; Skiba-Cassy, S.
Dietary carbohydrate-to-protein ratio affects tor signaling and metabolism-related gene expression in the liver and muscle of
rainbow trout after a single meal. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2011, 300, R733–R743. [CrossRef]

36. Tietze, I.N.; Pedersen, E.B. Effect of fish protein supplementation on aminoacid profile and nutritional status in haemodialysis
patients. Nephrol. Dial. Transplant. 1991, 6, 948–954. [CrossRef]

37. Hou, Z.; Fuiman, L.A. Nutritional programming in fishes: Insights from mammalian studies. Rev. Fish Biol. Fish. 2020, 30, 67–92.
[CrossRef]

38. Rolland, M.; Feekings, J.P.; Dalsgaard, J.; Holm, J.; Skov, P.V. Modelling the effects of dietary methionine level and form on
postprandial plasma essential amino acid profiles in rainbow trout (Oncorhynchus mykiss). Aquac. Nutr. 2015, 22, 1185–1201.
[CrossRef]

39. Ahmad, I.; Ahmed, I.; Dar, N.A. Effects of dietary leucine levels on growth performance, hematobiochemical parameters, liver
profile, intestinal enzyme activities, and target of rapamycin signalling pathway-related gene expression in rainbow trout,
Oncorhynchus mykiss fingerlings. Aquacu. Nutr. 2021, 27, 1837–1852. [CrossRef]

40. Wang, L.; Zhang, W.; Gladstone, S.; Ng, W.K.; Zhang, J.; Shao, Q. Effects of isoenergetic diets with varying protein and lipid levels
on the growth, feed utilization, metabolic enzymes activities, antioxidative status and serum biochemical parameters of black sea
bream (Acanthopagrus schlegelii). Aquaculture 2019, 513, 734397. [CrossRef]

41. Kim, S.S.; Lee, K.J. Dietary protein requirement of juvenile tiger puffer (Takifugu rubripes). Aquaculture 2009, 287, 219–222.
[CrossRef]

42. Yu, H.; Liang, H.; Ren, M.; Ji, K.; Yang, Q.; Ge, X.; Xi, B.; Pan, L. Effects of dietary fenugreek seed extract on growth performance,
plasma biochemical parameters, lipid metabolism, Nrf2 antioxidant capacity and immune response of juvenile blunt snout bream
(Megalobrama amblycephala). Fish Shellfish Immunol. 2019, 94, 211–219. [CrossRef] [PubMed]

43. Lu, X.; Peng, D.; Chen, X.; Wu, F.; Jiang, M.; Tian, J.; Liu, W.; Yu, L.; Wen, H.; Wei, K. Effects of dietary protein levels on growth,
muscle composition, digestive enzymes activities, hemolymph biochemical indices and ovary development of pre-adult red
swamp crayfish (Procambarus clarkii). Aquac. Rep. 2020, 18, 100542. [CrossRef]

44. Zhang, J.; Zhou, F.; Wang, L.; Shao, Q.; Xu, Z.; Xu, J. Dietary protein requirement of juvenile black sea bream, Sparus macrocephalus.
J. World Aquac. Soc. 2010, 41, 151–164. [CrossRef]

45. Wang, P.; Zhu, J.; Feng, J.; He, J.; Lou, Y.; Zhou, Q. Effects of dietary soy protein concentrate meal on growth, immunity, enzyme
activity and protein metabolism in relation to gene expression in large yellow croaker Larimichthys crocea. Aquaculture 2017, 477,
15–22. [CrossRef]

46. Sun, S.; Wu, Y.; Yu, H.; Su, Y.; Ren, M.; Zhu, J.; Ge, X. Serum biochemistry, liver histology, and transcriptome profiling of bighead
carp, Aristichthys nobilis, following different dietary protein levels. Fish Shellfish Immunol. 2019, 86, 832–839. [CrossRef]

47. Azzout-Marniche, D.; Gaudichon, C.; Tomé, D. Dietary protein and blood glucose control. Curr. Opin. Clin. Nutr. Metab. Care
2014, 17, 349–354. [CrossRef] [PubMed]

48. Radziuk, J.; Pye, S. Hepatic glucose uptake, gluconeogenesis, and the regulation of glycogen synthesis. Diabetes Metab. Res. Rev.
2001, 17, 250–272. [CrossRef] [PubMed]

49. Abdel, T.M.; Ahmad, M.H.; Khattab, Y.A.E.; Shalaby, A.M.E. Effect of dietary protein level, initial body weight, and their
interaction on the growth, feed utilization, and physiological alterations of Nile tilapia, Oreochromis niloticus (L.). Aquaculture
2010, 298, 267–274. [CrossRef]

50. Hoseinifar, S.H.; Yousefi, S.; Van Doan, H.; Ashouri, G.; Gioacchini, G.; Maradonna, F.; Carnevali, O. Oxidative stress and
antioxidant defense in fish: The implications of probiotic, prebiotic, and synbiotics. Rev. Fish. Sci. Aquac. 2020, 29, 198–217.
[CrossRef]

https://doi.org/10.1016/j.anifeedsci.2020.114685
https://doi.org/10.1016/j.aquaculture.2021.736404
https://doi.org/10.1016/j.aqrep.2020.100540
https://doi.org/10.1007/s10499-017-0202-6
https://doi.org/10.1111/anu.12269
https://doi.org/10.1111/jai.14254
https://doi.org/10.1021/jf901954r
https://doi.org/10.1152/ajpregu.00579.2010
https://doi.org/10.1093/ndt/6.12.948
https://doi.org/10.1007/s11160-019-09590-y
https://doi.org/10.1111/anu.12325
https://doi.org/10.1111/anu.13321
https://doi.org/10.1016/j.aquaculture.2019.734397
https://doi.org/10.1016/j.aquaculture.2008.10.021
https://doi.org/10.1016/j.fsi.2019.09.018
https://www.ncbi.nlm.nih.gov/pubmed/31499200
https://doi.org/10.1016/j.aqrep.2020.100542
https://doi.org/10.1111/j.1749-7345.2010.00356.x
https://doi.org/10.1016/j.aquaculture.2017.04.030
https://doi.org/10.1016/j.fsi.2018.12.028
https://doi.org/10.1097/mco.0000000000000062
https://www.ncbi.nlm.nih.gov/pubmed/24839951
https://doi.org/10.1002/dmrr.217
https://www.ncbi.nlm.nih.gov/pubmed/11544610
https://doi.org/10.1016/j.aquaculture.2009.10.027
https://doi.org/10.1080/23308249.2020.1795616


Biology 2024, 13, 324 18 of 18

51. Yan, X.; Yang, J.; Dong, X.; Tan, B.; Zhang, S.; Chi, S.; Yang, Q.; Liu, H.; Yang, Y. The optimal dietary protein level of large-size
grouper Epinephelus coioides. Aquac. Nutr. 2020, 26, 705–714. [CrossRef]

52. Mansour, A.T.; Esteban, M.Á. Effects of carbon sources and plant protein levels in a biofloc system on growth performance, and
the immune and antioxidant status of Nile tilapia (Oreochromis niloticus). Fish Shellfish Immunol. 2017, 64, 202–209. [CrossRef]
[PubMed]

53. Habte-Tsion, H. A review on fish immuno-nutritional response to indispensable amino acids in relation to TOR, NF-κB and Nrf2
signalling pathways: Trends and prospects. Comp. Biochem. Physiol. B 2019, 241, 110389. [CrossRef] [PubMed]

54. Kelly, B.; Pearce, E.L. Amino assets: How amino acids support immunity. Cell Metab. 2020, 32, 154–175. [CrossRef] [PubMed]
55. Holland, M.C.; Lambris, J.D. The complement system in teleosts. Fish Shellfish Immunol. 2002, 12, 399–420. [CrossRef] [PubMed]
56. Chandra, R. Nutrition and the immune system: An introduction. Am. J. Clin. Nutr. 1997, 66, 460S–463S. [CrossRef] [PubMed]
57. Canosa, L.F.; Chang, J.P.; Peter, R.E. Neuroendocrine control of growth hormone in fish. Gen. Comp. Endocrinol. 2007, 151, 1–26.

[CrossRef]
58. Liu, H.; Dong, X.; Tan, B.; Du, T.; Zhang, S.; Yang, Y.; Liu, H. Effects of dietary protein and lipid levels on growth, body

composition, enzymes activity, expression of IGF-1 and TOR of juvenile northern whiting, Sillago sihama. Aquaculture 2021, 533,
736166. [CrossRef]

59. Qiang, J.; Yang, H.; Wang, H.; Kpundeh, M.D.; Xu, P. Effects of dietary protein levels on growth performance and hepatic IGF-1
mRNA levels in juvenile yellow catfish (Pelteobagrus fulvidraco). Aquac. Nutr. 2012, 18, 541–546. [CrossRef] [PubMed]

60. Gaylord, T.G.; Rawles, S.D.; Davis, K.B. Dietary tryptophan requirement of hybrid striped bass (Morone chrysops × M. saxatilis).
Aquac. Nutr. 2005, 11, 367–374. [CrossRef]

61. Gomes, M.D.R.; Pires, I.O.; Castro, I.A.D.; Tirapegui, J. Effect of protein restriction on plasma and tissue levels of insulin-like
growth factor-1 (IGF-1) in adult rats. Nutr. Res. 2003, 23, 1239–1250. [CrossRef]

62. Wood, A.W.; Duan, C.; Bern, H.A. Insulin-like growth factor signalling in fish. Int. Rev. Cytol. 2005, 243, 215–285. [PubMed]
63. Avila Morales, G.D.L.A. Nutrition and immunity: Molecular Approaches. Ph.D. Thesis, University of Barcelona, Barcelona, Spain,

2022.
64. Yadata, G.W.; Ji, K.; Liang, H.; Ren, M.; Ge, X.; Yang, Q. Effects of dietary protein levels with various stocking densities on growth

performance, whole-body composition, plasma parameters, nitrogen emission and gene expression related to TOR signalling of
juvenile blunt snout bream (Megalobrama ambylcephala). Aquaculture 2020, 519, 734730. [CrossRef]

65. Longo, V.D.; Anderson, R.M. Nutrition, longevity and disease: From molecular mechanisms to interventions. Cell 2022, 185,
1455–1470. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/anu.13030
https://doi.org/10.1016/j.fsi.2017.03.025
https://www.ncbi.nlm.nih.gov/pubmed/28302578
https://doi.org/10.1016/j.cbpb.2019.110389
https://www.ncbi.nlm.nih.gov/pubmed/31812790
https://doi.org/10.1016/j.cmet.2020.06.010
https://www.ncbi.nlm.nih.gov/pubmed/32649859
https://doi.org/10.1006/fsim.2001.0408
https://www.ncbi.nlm.nih.gov/pubmed/12194452
https://doi.org/10.1093/ajcn/66.2.460S
https://www.ncbi.nlm.nih.gov/pubmed/9250133
https://doi.org/10.1016/j.ygcen.2006.12.010
https://doi.org/10.1016/j.aquaculture.2020.736166
https://doi.org/10.3389/fendo.2019.00083
https://www.ncbi.nlm.nih.gov/pubmed/30873115
https://doi.org/10.1111/j.1365-2095.2005.00360.x
https://doi.org/10.1016/S0271-5317(03)00114-3
https://www.ncbi.nlm.nih.gov/pubmed/15797461
https://doi.org/10.1016/j.aquaculture.2019.734730
https://doi.org/10.1016/j.cell.2022.04.002
https://www.ncbi.nlm.nih.gov/pubmed/35487190

	Introduction 
	Materials and Methods 
	Fish Management 
	Experimental Diets 
	Sample Collection 
	Nutrient Content 
	Amino Acid Determination 
	Serum Biochemical Analysis 
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
	Calculations and Statistical Analysis 

	Results 
	Growth 
	Body Composition 
	Amino Acids Profile 
	Plasma Metabolite Contents 
	Hematological Immune Parameters 
	Gene Expression Profiling 

	Discussion 
	Growth Performance 
	Body Amino Acids 
	Plasma Metabolites 
	Immune Response 
	Gene Expression 

	Conclusions 
	References

