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A B S T R A C T

This study aimed to examine the effect of quercetin (QUE) on the antioxidant capacity of spotted sea bass that
were fed a high soybean meal diet. 44 % fish meal was used as a healthy control, and soybean meal instead of
50 % fish meal induced a negative reaction. On this basis, 0.25, 0.50, 0.75, and 1.00 g/kg QUE were added,
respectively. A total of 540 spotted sea bass were randomly allocated into 6 groups and provided with diets that
corresponded to their respective groups for a duration of 56 days. The results showed a significant decrease in the
antioxidant capacity of spotted sea bass fed a high soybean meal diet. The inclusion of QUE considerably
improved the antioxidant capacity of spotted sea bass. This was evidenced by the notable rise in glutathione
(GSH) levels in the intestine and liver, as well as the elevated levels of catalase (CAT) and total antioxidant
capacity (T-AOC) in the liver. Furthermore, transcriptome results showed that the S-transferase (GST) gene in the
glutathione metabolism pathway was significantly down-regulated by high soybean meal, while with the
addition of QUE, noteworthy alterations in genes associated with the PI3K-Akt signaling pathway, Foxo signaling
pathway, and AMPK signaling pathway. These signaling pathways are involved in signal transduction, apoptosis,
and oxidative stress. On the other hand, genes related to energy metabolism, such as phosphoenolpyruvate
carboxykinase (PEPCK), were observed to be upregulated. These pathways could potentially contribute to the
antioxidant properties of QUE.

1. Introduction

Aquaculture has been responsible for producing almost 50 % of all
aquatic goods consumed by humans in the last 30 years. Fish, in
particular, have contributed to at least 15 % of the per capita animal
protein intake for over 4.5 billion people globally (Gephart et al., 2020).
Aquaculture has always extensively depended on fish meal as a source of
high-quality dietary nutrients. This is because fish meal is rich in pro-
tein, has a well-balanced amino acid composition, and contains plentiful
minerals and vitamins (Macusi et al., 2023). However, the price of fish
meal has skyrocketed due to the suspension of supply and strong de-
mand, and aquaculture with fishmeal as the main protein source is not
sustainable (Gao et al., 2024). At present, because of its relatively
balanced amino acid composition and low price, plant-based pro-
tein-soybean meal has been identified as one of the most promising al-
ternatives to fishmeal and has been widely used in production practice

(Fehrmann-Cartes et al., 2019). Nevertheless, the utilization of soybean
meal as a protein source in aquaculture animals, particularly carnivo-
rous fish, leads to a cascade of adverse reactions. These include
heightened permeability of the intestinal mucosa, disruption of intesti-
nal microbial balance, inflammatory response, and alterations in in-
flammatory factors (Antonopoulou et al., 2017; Chen et al., 2018; Wang
et al., 2021). In addition, reduced antioxidant capacity and oxidative
stress have also been identified as negative effects of soybean meal on
aquaculture animals (Jiang et al., 2018). Prior research has demon-
strated that substituting fish meal with soy meal leads to heightened
oxidative stress and consequent oxidative harm in various fish species,
such as darkbarbel catfish (Pelteobagrus vachelli) (Dong et al., 2013),
white shrimp (Litopenaeus vannamei) (Lin and Mui, 2017), and turbot
(Scophthalmus maximus L.) (Yu et al., 2021).

Quercetin (QUE) is a natural flavonoid that is widely found in veg-
etables and fruits (Guo, Bruno, 2015). QUE, a dietary antioxidant, has
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the ability to eliminate oxygen-free radicals, decrease oxidative stress,
and stimulate the synthesis of antioxidant enzymes (Kobori et al., 2015).
Nevertheless, QUE exhibits limited bioavailability and mostly operates
by undergoing conversion into several metabolites (Lesjak et al., 2018).
Previous studies have shown that QUE can interact with two soybean
proteins and alter their secondary structures in a structure-dependent
manner (Jia et al., 2022). Trakooncharoenvit et al. (2020) also re-
ported that soybean fiber can improve the bioavailability of QUE after
long-term feeding and even promote the beneficial effect of quercetin in
preventing disease. Therefore, quercetin may have the potential to be
combined with soybean meal to improve its bioavailability. On the other
hand, the increased bioavailability of QUE has correspondingly
enhanced its antioxidant and oxidative stress reduction capabilities, thus
alleviating the above negative effects caused by soybean meal on
aquaculture animals.

Transcriptome analysis offers distinct and advantageous perspectives
in the examination of fish physiology and nutrition (Chen et al., 2024;
Huang et al., 2022; Liu et al., 2024; Yan et al., 2023). According to Wang
et al. (2023), xylanase was found to enhance the intestinal barrier
function of nile tilapia (Oreochromis niloticus) that were fed with soybean
meal. This conclusion was reached through transcriptome analysis. Jin
et al. (2023) used transcriptome research to investigate the impact of
various dietary fat sources on spotted sea bass (Lateolabrax maculatus).
Transcriptomic techniques offer novel insights into the examination of
alterations in fish under varying nutritional conditions, such as a diet
rich in soybean meal or the incorporation of additives. Our previous
results showed that QUE had no significant effect on the growth per-
formance of spotted sea bass on a high soybean meal diet (Liu et al.,
2024). However, QUE, as a natural antioxidant, may have a beneficial
effect on improving the antioxidant capacity of spotted sea bass
(Lateolabrax maculatus), but this still needs to be proved by research.
Spotted sea bass is a typical carnivorous fish. It is rich in nutrition, de-
licious meat, and strong adaptability, but also widely cultured as an
economic fish (Wang et al., 2023). However, the high content of soybean
meal in the diet was still associated with a range of negative effects on
the spotted sea bass, including reduced antioxidant capacity and
oxidative stress in the gut (Peng et al., 2022; Zhang et al., 2018).
Therefore, in this study, the effects of quercetin on the antioxidant ca-
pacity of spotted sea bass on a high-soybean meal diet were investigated
by adding QUE, and combined with transcriptomic analysis, the possi-
bility of combining quercetin with soybean meal to reduce the negative
effects of soybean meal on spotted sea bass was discussed.

2. Materials and methods

2.1. Experimental diets

The dietary formula for this study was designed according to the
nutritional requirements of spotted sea bass (Ai et al., 2004). 44 % fish
meal and 0 % soybean meal were used as healthy controls and labeled as
HFM group. After that, according to the research of Zhang et al. (2018),
half of the fish meal was replaced with 40 % soybean meal, which
induced the negative reaction of the spotted sea bass and was labeled as
HSM group. In addition, on the basis of HSM, 0.25, 0.5, 0.75, and 1 g/kg
quercetin were added as experimental groups and labeled as QUE1,
QUE2, QUE3, and QUE4, respectively. The QUE (C15H10O7, purity:
97 %) used in this study was purchased from Wanxiangli Biotechnology
Co., Ltd., Xiamen, China. Differences between groups were balanced
using flour (Table 1).

The feed raw materials were fully pulverized by a grinder (SGF130,
Tianfan Pharmaceutical Machine Factory, Shanghai, China), and each
component was thoroughly mixed according to the principle of mixing
step by step from small to large. After that, add the fish oil, soybean oil,
and water in turn, and stir well again. A granulator (CD4×1TS, South
China University of Technology, Guangzhou, China) was used to prepare
2.5 mm particle size from completely mixed feed. After drying the

prepared feed in a constant temperature oven at 55◦C, it was removed
and stored at − 20◦C for later use.

2.2. Experimental fish and feeding management

The culture experiment was carried out on the seawater test grounds
of Jimei University. The experimental spotted sea bass was purchased
from a commercial fishery in Zhangpu, Fujian Province, China. The
experimental fish were stocked into two 1200 L tanks and fed basal feed
twice a day for two weeks to acclimate to the experimental facility and
culture environment. After the temporary feeding period, the fish were
fasted for 24 h, and they were anesthetized with 150 mg/L eugenol
(Holloway et al., 2004). In the circulation system, 540 healthy fish with
an average weight of 5.65 ± 0.02 g were placed in 18 tanks (80 cm ×

45 cm × 45 cm) at a density of 30 fish per tank. The circulating system
consists of 18 fish tanks, two large water storage tanks, a circulating
water pump, and a thermal circulating heater. In addition, all the fish
tanks were connected to ensure that the experimental fish water envi-
ronment was consistent. The study was divided into 6 groups with 3
replicates per group, and the trial period was 56 days. The corre-
sponding feed of each group was fed twice a day at regular times (8:30
and 17:30) until they were obviously full. After half an hour of feeding,
sewage suction and water change were carried out, and the water

Table 1
Nutritional composition of experimental diet (Dry matter basis).

Ingredients Group / Contents (g/kg)

HFM HSM QUE1 QUE2 QUE3 QUE4

Fish meal 440 220 220 220 220 220
Soybean meal 0 400 400 400 400 400
Casein 110 110 110 110 110 110
Flour 345.00 149.00 148.75 148.50 148.25 148.00
Fish oil 35 50 50 50 50 50
Soybean oil 25 25 25 25 25 25
Mineral
premixa

6 6 6 6 6 6

Antioxidant 3 3 3 3 3 3
Ca(H2PO4)2 12 12 12 12 12 12
Vitamin
premixb

8 8 8 8 8 8

Choline 6 6 6 6 6 6
Methionine 0 1 1 1 1 1
Lecithin 10 10 10 10 10 10
Quercetin 0

0
0.25 0.50 0.75 1.00

Total 1000
Proximate composition (%)
Crude protein 46.04

44.87
44.95 45.37 44.75 45.56

Crude Lipid 11.90
11.40

11.30 11.40 11.20 11.30

Crude Ash 10.20
8.70

8.50 8.60 8.50 8.60

Moisture 4.20
5.20

5.60 4.60 6.60 4.70

Gross energy
(MJ/kg)c

19.71
19.58

19.56 19.69 19.43 19.69

Note: The proportion of nutrients of the main ingredients in the feed: Soybean
meal: Crude fat, 1.9 %, Crude protein, 44.2 %. Flour: Crude fat, 3 %, Crude
protein, 13 %. Fish meal: Crude fat, 8.4 %, Crude protein, 67 %.
a Mineral premix: MnSO4⋅4 H2O 50 mg/kg, MgSO4⋅H2O 4000 mg/kg, KI

100 mg/kg, CoCl2(1 %) 100 mg/kg, CuSO4⋅5 H2O 20 mg/kg, FeSO4⋅H2O
260 mg/kg, ZnSO4⋅H2O 150 mg/kg, Na2SeO3(1 %) 50 mg/kg.
b Vitamin premix: thiamine 25 mg/kg, riboflavin 45 mg/kg, pyridoxine hy-

drochloride 20 mg/kg, Vitamin B12 0.1 mg/kg, Vitamin K3 10 mg/kg, inositol
800 mg/kg, pantothenic acid 60 mg/kg, nicotinic acid 200 mg/kg, folic acid
20 mg/kg, biotin 1.2 mg/kg, vitamin A acetate 32 mg/kg, Vitamin D3 5 mg/kg,
α-tocopherol 120 mg/kg, ethoxyquin 150 mg/kg.
c Gross energy (MJ/kg) = protein content × 23.6 + lipid content × 39.5 +

carbohydrate content × 17.2.
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change volume was about 30 % of the water volume in the cylinder. The
water salinity was maintained between 0.5 and 2.0 ppt, the temperature
was controlled at 27.0 ± 0.2◦C, the dissolved oxygen was maintained at
about 7 mg/L, the pH was maintained at 7.8 and 8.2, and the ammonia
nitrogen concentration was maintained below 0.3 mg/L.

2.3. Sample collection

After the end of the feeding period, the experimental fish were fasted
and anesthetized using the samemethod as in 2.2. A total of 11 fish were
grabbed at random from each tank, and blood samples were collected
using the venous blood sampling method. After standing for 16 h, the
blood samples were centrifuged (836×g, 4◦C) for 10 minutes to separate
serum and stored at − 80◦C for later use. After that, the fish was hu-
manely dissected, and the intestines and liver were collected. All sam-
ples were stored in liquid nitrogen for a short time after collection and
then transferred to − 80◦C for storage. Among them, 5 intestinal samples
were used for related enzyme activity detection, 4 intestinal samples
were used for transcriptomic analysis, and all liver samples were tested
for enzyme activity.

2.4. Analysis of basic dietary components

The contents of crude protein, crude fat, ash, and water in dietary
samples were determined by the standard method (AOAC, 2002). Pro-
tein was determined by the Kjeldahl nitrogen determination method (N
× 6.25). Crude lipid was determined by Soxhlet extraction in ether. The
samples were burned in a Muffle furnace at 550℃ for 8 h to determine
the ash content. And the samples were dried in a 105◦C oven to a con-
stant weight for moisture determination.

2.5. Analysis of antioxidant parameter

Antioxidant related indexes in this study included serum, hepatic,
and intestinal glutathione (GSH), catalase (CAT), malondialdehyde
(MDA), and total antioxidant capacity (T-AOC). Commercial kits were
used to detect the activity of these enzymes. GSH reacted with dithio-
dinitrobenzoic acid (DTNB) to produce a yellow compound; the activ-
ity of GSH was quantitatively determined by colorimetry at 405 nm
(Harrap, 1967). The decomposition reaction of H2O2 by CAT was
terminated immediately when ammonium molybdate was added, and
the remaining H2O2 and ammonium molybdate formed a yellow sub-
stance, which was also determined by the colorimetric method (Hamza
and Hadwan, 2020). The determination principle of MDA was that it
condensates with thiobarbituric acid (TBA) to form a red product, and
the maximum absorption peak was at 532 nm. Therefore, a spectro-
photometer (UV-1200, MAPADA, China) was used to determine the
absorbance and calculate the MDA activity (Buege and Aust, 1978).
Antioxidants inhibit the oxidation of ABTS to green ABTS+, so the total
antioxidant capacity of the sample can be calculated by measuring the
absorbance of ABTS+ (Re, Pellegrini et al., 1999). All kits were provided
by Nanjing Jiancheng Biotechnology Co., Ltd. (Item No.: GSH:
A006–2–1, CAT: A007–1–1, MDA: A003–1, T-AOC: A015–2–1).

2.6. Intestinal transcriptome analysis and RT-qPCR

2.6.1. Total RNA extraction and detection
Total RNA was extracted by the TRIzol kit. Integrity was tested using

RNA-specific agarose electrophoresis or Agilent 2100 Bioanalyzer.

2.6.2. Library construction and quality control
The mRNA with polyA structure in total RNA was enriched by Oligo

(dT) magnetic beads, and the RNA was broken into fragments of about
300 bp in length by ion interruption. Using RNA as a template, 6-base
random primers and reverse transcriptase were used to synthesize the
first-strand cDNA, and the second-strand cDNA was synthesized using

the first-strand cDNA as a template. After the completion of the library
construction, PCR amplification was used to enrich the library frag-
ments, and then the library was selected according to the fragment size,
the library size was 450 bp. Then, the library was inspected by an Agi-
lent 2100 Bioanalyzer, and the total concentration and effective con-
centration of the library were detected. Then, according to the effective
concentration of the library and the amount of data required by the li-
brary, the libraries containing different index sequences (each sample
adds a different index and finally distinguishes the data of each sample
according to the index) are mixed proportionally. The hybrid library was
uniformly diluted to 2 nm, and the single strand library was formed by
alkali denaturation.

2.6.3. Sequencing
These libraries were paired-end (PE) sequenced using next-

generation sequencing (NGS) based on the Illumina sequencing
platform.

2.6.4. Reference transcriptome alignment
The raw data was filtered, and using TopHat2 upgrade HISAT2

(http://ccb.jhu.edu/software/hisat2/index.shtml), the software will be
filtered. Reads the comparison to the reference genome. Reference
genome details are from Genome Warehouse (GWH) (https://ngdc.
cncb.ac.cn/gwh/Assembly/37551/show). According to the compari-
son results, the expression amount of each gene was calculated.

2.6.5. Differential expression analysis
DESeq was used for differential analysis of gene expression, and the

conditions for screening differentially expressed genes were as follows:
expression difference multiple |log2FoldChange| > 1, with a significant
P-value < 0.05.

2.6.6. Functional enrichment analysis of differentially expressed genes
Gene function annotation was based on the following databases: GO

(Gene Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes),
NR (NCBI non-redundant protein sequences), KOG/COG (Clusters of
Orthologous Groups of Proteins), Pfam (Protein family), Swiss-Prot (a
manually annotated and reviewed protein sequence database).

2.6.7. RT-qPCR
In this study, an RT-qPCR reaction was performed using the SYBR

Green I chimeric fluorescence method. In short, 0.4 μl of forward and
reverse primer (10 μm) and 2 μl of template cDNA were added to the
reaction system. 10 μl of 2 × ChamQ Universal SYBR qPCR Master Mix,
7.2 μl RNase-free dd H2O. The reaction was amplified by fluorescent
quantitative PCR (LC480, Roche, Switzerland). The reaction conditions
were: predenaturation at 95◦C for 30 s, 40 cycles were performed at
95◦C for 10 s, and 60◦C for 30 s. Finally, the dissolution curves were
collected under the reaction conditions of 95◦C 15 s, 60◦C 60 s, and 95◦C
15 s. The relative expression was calculated by 2-ΔΔCt. Detailed primer

Table 2
Information of primers.

Gene Primer sequence
（5’-3’）

Annealing temperature
（℃）

β-actin F：AACTGGGATGACATGGAGAAG
R：TTGGCTTTGGGGTTCAGG

60

evm.TU.scaffold_217.7 F：AGATGTGCTGAATACGGATGAGT
R：TGTTCCTCCTGTTCGTGTTGA

60

evm.TU.scaffold_180.27 F：ATGTATAGAGTGATGCTGAGGAGTG
R：TTGGCAGGCGATGTCTACTAG

60

evm.TU.scaffold_308.14 F：CACTCCTTCCATCCTGTTCCA
R：AGGTGTGGCGTTAGAATCTGG

60

evm.TU.scaffold_29.161 F：CCAGTGTGAAGGAGAGGTGTC
R：GGATGAAGGAGCCGATGAAGAT

60

Note: F means forward primer, while R means reverse primer.
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information is shown in Table 2.

2.7. Data statistics and analysis

Data are presented as mean ± standard error of the mean (SE). SPSS
Ver26 software was used to analyze the significance of enzyme activity
data. The independent sample T test was used to analyze the differences
between HFM and HSM groups. The difference between the QUE addi-
tion group and HFM, HSM group was analyzed by the one-way ANOVA.
When p < 0.05, a significant difference was considered, and a Duncan
multiple range test was performed. The results of enzyme activities were
mapped using GraphPad Prism 8.

3. Results

3.1. Analysis of antioxidant parameter

In this study, the results of serum, intestinal, and liver antioxidant-
related indexes were shown in Fig. 1, Fig. 2, and Fig. 3, respectively.
The results showed that, compared with the whole fish meal diet, the
serum, intestinal, and liver GSH levels of the high soybean meal diet
were significantly decreased (p < 0.05). Serum T-AOC and liver CAT, T-
AOC activities were also significantly decreased (p < 0.05). However,
after adding QUE, the antioxidant capacity of spotted sea bass was
greatly improved. Among them, MDA activities in serum and liver were
significantly decreased when the supplemental level was 0.25 g/kg (p <
0.05), and had a downward trend in other supplemental groups, but
were not significant (p > 0.05). The activities of intestinal GSH and liver
GSH, CAT, and T-AOC in all QUE supplementation groups were signif-
icantly increased (p < 0.05). In addition, when the QUE supplemental
level was 0.5 g/kg, serum CAT activity was significantly decreased (p <

0.05). Compared with the HFM group, GSH level in liver supplemented
with 1.0 g/kg was significantly decreased (p< 0.05), and CAT activity in
liver supplemented with 0.75 g/kg was significantly increased (p <

0.05). There were no significant differences in other indexes between
the HFM group and the QUE group (p> 0.05). The statistical values have
been added in supplemental Table 1.

3.2. Intestinal transcriptome analysis

According to the above results, this study selected three groups of
intestinal samples of HFM, HSM, and QUE2 (QUE was used to replace
QUE2 in the subsequent results) for transcriptome sequencing and
pound-for-pair comparison. The three comparison groups were HFM vs
HSM, HSM vs QUE, and HSM vs QUE.

3.2.1. Differentially Expressed Genes (DEGs)
Compared with the HFM group, there were 127 DEGs in the HSM

group, including 56 up-regulated genes and 71 down-regulated genes.
Compared with the HSM group, the QUE group had 168 DEGs, 95 up-
regulated genes, and 73 down-regulated genes. Compared with the
HFM group, the QUE group had 133 DEGs, 73 up-regulated genes, and
60 down-regulated genes (Table 3). In addition, the total DEGs between
the pairings of the three comparison groups were 11, 20, and 25,
respectively (Fig. 4).

3.2.2. GO classification enrichment analysis
The results of GO enrichment analysis in the classification of cellular

component (CC), molecular function (MF), and biological process (BP)
are shown in Figs. 5 and 6. The results showed that the up-regulated
genes in the HFM vs HSM comparison group were mainly enriched in
terms of perinucleolar compartment and prominosome, and down-
regulated genes are mainly enriched in toll-like receptor 1- toll-like re-
ceptor 2 protein and melanosome in the CC classification. In the MF
classification, up-regulated genes are mainly concentrated in oxidore-
ductase activity, acting on paired donors, catalase activity, and 3-oxoa-
cid COA transferase activity. The down-regulated genes are mainly
enriched in interleukin-10 receptor binding, glycogenin glucosyl-
transferase activity, and galanin receptor binding terms. In the BP
classification, up-regulated genes were mainly enriched in keratinocyte
migration, phototaxis, and other terms, while down-regulated genes
were mainly enriched in interleukin-18 production, regulation of
interleukin-1 production, and regulation of interleukin-12 production,
and so on. In the HSM vs QUE comparison group, in the CC classifica-
tion, the up-regulated genes were mainly enriched in extracellular

Fig. 1. Effects of QUE supplementation in high soybean meal diet on serum antioxidant of spotted sea bass. Note: Letters in corner marks a to d represent activity of
serum glutathione (serum GSH, a), serum catalase (serum CAT, b), serum malondialdehyde (serum MDA, c), serum total antioxidant capacity (serum T-AOC, d),
respectively. The discrepancy between the HSM group and HFM group is indicated by * (P < 0.05). Capital letters represent the discrepancy between HFM group and
QUE intake groups, while different letters indicate significant variation (P < 0.05). Lowercase letters represent the discrepancy between HSM group and QUE intake
groups, while different letters indicate significant variation, too (P < 0.05). Same to the following figures.
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region and extracellular space terms, while the down-regulated genes
were mainly enriched in rod spherule, connexin complex, cell surface,
etc. The main enrichment terms of up-regulated genes in the MF

classification include epidermal growth factor receptor activity, phos-
phoenolpyruvate carboxykinase activity, and signaling receptor bingd-
ing. The down-regulated genes are mainly enriched in terms of
dihydrofolate reductase activity, glycine N-acyltransferase activity, and
NAD+ nucleosidase activity. The up-regulated genes in the BP classifi-
cation were mainly enriched in terms of protein homotrimerization,
positive regulation of blood circulation, positive regulation of vaso-
constriction, and down-regulated gene enrichment in terms of histamine
biosynthetic process, cyclic-nucleotide-mediated signaling, and thymi-
dine biosynthetic process.

3.2.3. KEGG annotation analysis
The KEGG enrichment results of up-regulated and down-regulated

genes in this study are shown in Fig. 7, respectively. The results

Fig. 2. Effects of QUE supplementation in high soybean meal diet on intestinal antioxidant of spotted sea bass. Note: Letters in corner marks a to d represent activity
of intestinal glutathione (intestinal GSH, a), intestinal catalase (intestinal CAT, b), intestinal malondialdehyde (intestinal MDA, c), intestinal total antioxidant ca-
pacity (intestinal T-AOC, d), respectively.

Fig. 3. Effects of QUE supplementation in high soybean meal diet on hepatic antioxidant of spotted sea bass. Note: Letters in corner marks a to d represent activity of
hepatic glutathione (hepatic GSH, a), hepatic catalase (hepatic CAT, b), hepatic malondialdehyde (hepatic MDA, c), hepatic total antioxidant capacity (hepatic T-
AOC, d), respectively.

Table 3
Statistics of the number of differentially expressed genes.

Control Treat Up-regulated Down- regulated Total

HFM HSM 56 71 127
HSM QUE 95 73 168
HFM QUE 73 60 133

Note: Up-regulated: the number of genes up-regulated in Treat compared to
Control. Down-regulated: the number of genes down-regulated in Treat
compared to Control. Total: the number of differentially expressed genes in
Treat compared to Control.
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showed that upregulated DEGs were mainly enriched in metabolically-
related pathways by the addition of high soybean meal, including pro-
tein processing in endoplasmic reticulum, apoptosis, and arginine and
proline metabolism. The main enrichment pathways that down-regulate
DEGs include the forkhead box O (Foxo) signaling pathway, the
phosphatidylinositol-3-kinase-protein kinase B (PI3K-Akt) signaling
pathway, the p53 signaling pathway, and neutrophil extracellular trap
formation. When QUE was added, PI3K-Akt signaling pathway and Foxo
signaling pathway were found in the significantly enriched pathway of
up-regulated DEGs. In addition, it also includes cytokine-cytokine re-
ceptor interaction, extracellular matrix (ECM)-receptor interaction. The
down-regulation of DEGs significantly enriched pathways associated
with metabolism, including protein processing in endoplasmic reticu-
lum, and histidine metabolism. In the HFM vs QUE group, up-regulated
DEGs were mainly enriched in lysosome and cell adhesion molecules.
Down-regulated DEGs were mainly enriched in B cell receptor signaling
pathway, bile secretion, and cytokine-cytokine receptor interaction.

In this study, it was found that a high soybean meal diet resulted in a
significant down-regulation of anti-inflammatory factor interleukin-10
(IL-10), while there was no significant difference in IL-10 level be-
tween the QUE group and the HFM group. On the other hand, the
addition of high soybean meal decreased several important pathway-

Fig. 4. Veen of common differential genes. Note: The sum of the numbers in
each circle represents the total number of differential genes in the comparison
group, and the overlapping part of the circle represents the common differential
genes between the two comparison groups.

Fig. 5. GO enrichment classification up-regulated terms (Top10). Note: Letters in corner marks a to c represent HFM vs HSM (a), HSM vs QUE (b), HFM vs QUE (c),
respectively. Red is cellular component (CC), green is molecular function (MF), and blue is biological process (BP). Same to the Fig. 6.
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related DEGs, including serum/glucocorticoid-regulated kinase 1
(SGK1) in the Foxo signaling pathway, the toll-like receptor 2 (TLR2) in
toll-like receptor signaling pathway, and cyclin-dependent kinase 2
(CDK2) in the PI3K-Akt signaling pathway. In addition, the DEGs of
several pathways related to energy metabolism, including arginine and
proline dehydrogenase (PRODH) in proline metabolism, aspartate 1-
decarboxylase (PAND), and glutathione S-transferase (GST) in β-alan-
line metabolism were up-regulated. However, after adding QUE, the
expression of nuclear factor of activated T-cells, cytoplasmic 2
(NFATC2) was up-regulated in T and B cell receptor signaling pathway,
and AMPK signaling pathway. In addition, phosphoenolpyruvate car-
boxykinase (PEPCK) was observed to be upregulated in the PI3K-Akt
signaling pathway, Foxo signaling pathway, gluconeogenic pathway,
and peroxisome proliferators-activated receptors (PPAR) signaling
pathway. These pathways play an important role in energy metabolism
and oxidative damage/stress.

3.2.4. RT-qPCR verification
In order to verify the authenticity and reliability of RNA-Seq results,

RT-qPCR was used in this study to verify the expression of parts of DEGs
between the three groups (biological repeat n = 6). The results
confirmed that the differences in the expression of some DEGs among
the three groups were similar to the results of RNA-Seq. HFM vs HSM,
R2=0.9202, HSM vs QUE, R2=0.9954, HFM vs QUE, R2=0.9847 (Fig. 8).

4. Discussion

Reactive oxygen species (ROS) are produced as a result of regular
cellular metabolism. ROS in small and moderate quantities have positive
effects on several physiological processes, such as tissue regeneration,
wound healing, and elimination of harmful microorganisms. Oxidative
stress arises when the body generates reactive oxygen species (ROS) at a
rate that surpasses the capacity of the antioxidant system to eliminate
them (Jiang et al., 2016). The substances ingested by the body may
induce oxidative damage and intestinal inflammation of intestinal
epithelial cells, immune cells, and inflammatory cells. Therefore,
oxidative stress is one of the important causes of intestinal mucosal
injury and intestinal inflammation (Bhattacharyya et al., 2014). In vivo,
free radicals act on lipids, peroxidation occurs, and the final product is
MDA, which leads to cell damage. Therefore, MDA is used as an
important index to measure oxidative damage in the body (Wang,
Powell, 2010). GSH is an important intracellular antioxidant involved in
a variety of cellular pathways (Leggatt and Iwama, 2009). T-AOC is a
comprehensive embodiment of various antioxidant substances and sys-
tems in the body to complete antioxidant effects (Zhou et al., 2014). CAT
can convert superoxide free radicals into H2O2, which can effectively
avoid or repair oxidative damage caused by the body (Bruno-Bárcena
et al., 2004; Duan et al., 2017). In general, the antioxidant capacity of
fish depends to some extent on nutrient levels (Sheikhzadeh et al.,

Fig. 6. GO enrichment classification down-regulated terms (Top10).
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2012). In this study, the levels of GSH and T-AOC in serum and GSH,
T-AOC, and CAT in liver were also significantly decreased after a large
amount of soybean meal was added to the diet of spotted sea bass. The
findings demonstrated a significant decrease in the antioxidant capacity
of spotted sea bass due to the high quantity of soybean meal. In a similar
vein, Hsieh et al. (2017) found that soybean, when used as the primary
protein source, caused oxidative stress in juvenile hybrid tilapia (Ore-
chromis nitoticus x O-aureus). Additionally, Chen et al. (2018) discovered
that soybean meal can lead to oxidative damage in juvenile turbot
(Scophthalmus maximus L) and diminish its antioxidant capacity. Simi-
larly, the research conducted by Jiang et al. (2018) demonstrated that a
high concentration of soybean meal can diminish the antioxidant ca-
pacity of the intestines and provoke oxidative damage. The results of the
above studies are similar to the results of this study, indicating that
soybean meal can reduce the antioxidant capacity of farmed animals.
Several studies have shown that dietary β-accompanied daidzein and
glycine can reduce the expression of genes related to glutathione
biosynthesis and antioxidant enzymes, thereby reducing the body’s
antioxidant capacity and causing oxidative damage in the gut (Jiang
et al., 2015; Zhang et al., 2013). Therefore, the rich anti-nutrient factors
and unbalanced amino acid composition in soybean meal may reduce
the antioxidant capacity of farmed animals and even produce oxidative

damage. In the GO enrichment results of this study, up-regulated genes
were found to be enriched in oxidoreductase activity, acting on paired
donors, catalase activity, and 3-oxoacid COA transferase activity terms.
Down-regulated interleukin-10 receptor binding, glycogenin glucosyl-
transferase activity, and galanin receptor binding terms. These results
fully indicate that the addition of high soybean meal in the diet can
affect the activity of antioxidant-related enzymes and the overall anti-
oxidant capacity of the body. The results of KEGG enrichment showed
that DEGs were mainly concentrated in energy metabolism, inflamma-
tion, and apoptosis. The primary protein source in the diet shifted from
fish meal to soybean meal, resulting in adaptive modifications in the
spotted sea bass. These changes include the regulation of protein and
amino acid metabolism, as well as corresponding alterations in antiox-
idant capacity. Similar results have been reported in several studies.
Kiron et al. (2020) reported that soybean derivatives can cause signifi-
cant changes in the intestinal transport mechanisms and metabolic
pathways of Atlantic salmon (Salmo salar). Yoshinaga et al. (2023) re-
ported that red seabream (Pagrus major) could affect glutathione and
glycine metabolism after consuming a large amount of soybean meal.
Wang et al. (2023) reported that feeding Sturgeon (Acipenser schrenckii)
plant protein resulted in upregulation of metabolically related genes,
including pyruvate metabolism and amino acid biosynthesis. All the

Fig. 7. Enrichment bubble map of up-regulated and down- regulated gene KEGG pathway (Top 20). Note: Letters in corner marks a to f represent HFM vs HSM (up-
regulated: a, down-regulated: b), HSM vs QUE (up-regulated: c, down-regulated: d), HFM vs QUE (up-regulated: e, down-regulated: f), respectively. The greater the
Rich factor, the greater the degree of enrichment. FDR generally ranges from 0 to 1, and the closer it is to zero, the more significant the enrichment.
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above studies showed that replacing fish meal with soybean meal and
other plant proteins would change the metabolic pathway of farmed
animals and produce a series of negative effects, which is consistent with
the results observed in this study.

As mentioned in the introduction, QUE has good antioxidant activity.
In this study, the addition of QUE significantly improved the activities of
serum T-AOC, intestinal GSH, hepatic GSH, CAT, and T-AOC and
showed no significant differences from those of the whole fish meal diet.

Fig. 7. (continued).

Fig. 8. Relative expression levels (log2 fold change). Note: Letters in corner marks a to c represent HFM vs HSM (a), HSM vs QUE (b), HFM vs QUE (c), respectively.
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In addition, when the QUE supplemental level was 0.25 g/kg, liver MAD
activity was significantly reduced. These results suggested that QUE
could enhance the antioxidant capacity of spotted sea bass and slow
down or repair the oxidative damage caused by high soybeanmeal to the
level of whole fish meal. Pes et al. (2016, 2018) for silver catfish
(Rhamdia quelen) of the two studies show that QUE can reduce lipid
peroxidation in fish tissue, improve the defense of the antioxidant sys-
tem composed of CAT and GSH, and protect against oxytetracycline
induced oxidative stress. Khan et al. (2023) reported that the antioxi-
dant enzyme activity in rohu (Labeo rohita) increased with an increase in
QUE level. These findings are consistent with the results of this study.
The prominent antioxidant effect of QUE can be attributed to the
chain-breaking effect of the compound in the formation of free radicals,
thereby preventing membrane oxidation (Bischoff, 2008). QUE has been
reported to stimulate endogenous antioxidant enzymes and prevent cell
apoptosis (Aluani et al., 2017). In this study, it was found that the
addition of QUE led to the up-regulation of PI3K-Akt signaling pathway,
Foxo signaling pathway, and PPAR signaling pathway related genes. The
PI3K-Akt signaling pathway is a key signaling pathway that plays an
important role in a variety of cellular functions, including cell growth,
differentiation, and apoptosis. Moreover, Akt signal transduction can
also reduce cellular oxidative stress and alleviate cell damage (He et al.,
2020; Wang et al., 2019). Further, it has been reported that the PI3K-Akt
signaling pathway can activate the Nrf2 pathway and promote the
expression of HO-1 and NQO-1, thereby secreting multiple cellular
antioxidant enzymes to protect tissues from oxidative stress (Zhang
et al., 2021). The Foxo signaling pathway regulates a variety of cellular
programs, including cell cycle arrest, ROS clearance, and apoptosis
(Kim, Koh, 2017). PPAR is a nutritional sensor for multiple homeostatic
functions and can further regulate multiple signaling pathways
(Kvandová, Majzúnová, Dovinová, 2016). PEPCK, as an important ki-
nase and gluconeogenic enzyme, plays an important role in the regula-
tion of glucose metabolism (Kobylinska, Borek, Posmyk, 2018). In
addition, Foxo activity is tightly controlled by insulin signaling path-
ways and multiple ROS-induced post-translational modifications, and in
cells, ROS levels can be perceived by stimulating cysteine residues in
proteins that control various signaling cascades and inhibiting oxidative
modifications (de Keizer, Burgering, Dansen, 2011). This suggests that
ROS clearance and antioxidant regulation are closely related to protein
and amino acid metabolism, glucose metabolism, and other apoptotic
pathways.

In this study, glutathione S-transferase (GST) expression was up-
regulated in the glutathione metabolism pathway in the high-soybean
meal diet of spotted sea bass. However, the gene expression of the
glutathione metabolism pathway and related GSH enzymes did not
change significantly after the addition of QUE, which was not signifi-
cantly different from that of the whole fish meal diet. This suggests that
the large amount of soybean meal may be the cause of the up-regulation
of GST expression. GST catalyzes reactions between GSH and aliphatic
groups of aromatic epoxy compounds and halides, forms glutathione
complexes in the liver and is excreted through bile, or converts GSH in
the kidneys to mercaptoacids, which are highly water-soluble and
excreted in the urine. In addition, GSH catalyzes the reaction of organic
nitrates with glutathione to produce nitrites, which interact with amines
and lead to the formation of carcinogenic nitrosamines (Gupta, 2016;
Testa, Clement, 2015). The above GST regulatory pathways are GSH
consumption, and excessive GSH consumption is easy to cause liver
toxicity, reactive oxygen species outbreaks, and the body’s antioxidant
capacity is weakened (Wang, Zhang, 2023). Therefore, the
down-regulation of GST gene expression may be the cause of the
decrease of GSH level in spotted sea bass, which is also consistent with
the results of enzyme activity in this study. However, no up-regulated
expression of GSH gene was observed in the intestinal transcriptome
results of this study. Compared with the high-soybean meal diet of
spotted sea bass, the enzyme activity of the QUE supplementation group
showed increased intestinal GSH level, which was obviously not the

result of upregulated intestinal GSH gene expression. GSH is a tripeptide
composed of glutamic acid, cysteine, and glycine, and its trans-
membrane outflow depends on various transporters (Bray, Taylor, 1993;
Papet et al., 2019). This study found that QUE promoted the intestinal
protein and amino acid metabolism of sea bass. Therefore, the concen-
tration of precursor amino acids for the synthesis of GSH and the source
of amino acids for the synthesis of transmembrane proteins may be
correspondingly increased, thereby promoting GSH synthesis or accel-
erating the outflow of liver and serum GSH into the intestine. In this
study, the serum and liver GSH levels of the QUE supplementation group
were significantly increased.

In this study, QUE was found to promote the expression of PEPCK, an
important gene in the gluconeogenic pathway, and up-regulate DEGs, a
pathway related to energy metabolism. The author speculated that this
may be related to the unique way quercetin is absorbed. Before entering
the intestinal cells, quercetin needs to be processed into quercetin
glycoside by microorganisms or digestive fluid. Quercetin glycoside is
absorbed by intestinal cells in two ways: 1) It is absorbed by intracellular
transporters and then deglycosylated by glycosidase. 2) Deglycosylation
is carried out through luminal hydrolases, and then glycoside ligands are
transported to intestinal cells through transporter transport or passive
diffusion (Day et al., 2003; Wolffram, Blöck, Ader, 2002; Ziberna et al.,
2014). In addition, further biotransformation of quercetin aglycones is
associated with glucosylation, sulfation, and methylation of hydroxyl
groups (Lesjak et al., 2018). The absorption and utilization of quercetin
and further biotransformation of intestinal cells are supported by energy
metabolism through transporters. Therefore, it leads to a series of cor-
responding changes in related pathways and genes.

In the results of this study, soybean meal can reduce the antioxidant
capacity of sea bass to a certain extent, and the addition of QUE can
alleviate this adverse effect to a certain extent. Therefore, it is recom-
mended to widely promote the use of QUE in the aquaculture industry to
improve the choices for green and safe aquaculture. In addition, it is
unclear whether soybean meal can improve the bioavailability of QUE.
But there is no doubt that the combination of soybean meal and QUE is
not only a topic worthy of in-depth research, but also a bold innovation
to support green and healthy farming and solve the problem of fishmeal
shortage. On the other hand, due to the body’s special use of QUE, we
can further study and explore the interaction and mechanism of QUE,
the intestinal microbes, and intestinal tract through high-throughput
16 s rRNA sequencing and intestinal metabolomics analysis. Studies
have shown that structural modification of QUE can improve its
bioavailability to a certain extent, and different forms of QUE will also
affect its bioavailability (Mullen, Edwards, Crozier, 2006; Wiczkowski
et al., 2014; Zheng et al., 2017). Therefore, the study of the synthesis and
structure-activity relationship of QUE and its derivatives can accelerate
the development and use of QUE. In addition, studies have reported that
quercetin may also support the production of free radicals through
REDOX reactions, and even produce pro-oxidation effects
(Carrillo-Garmendia et al., 2023). There is no doubt that the negative
effects of QUE limit its application in practice, which should be studied
and discussed in the future.

5. Conclusion

In summary, QUE can increase the antioxidant capacity and alleviate
the adverse reactions caused by high soybean meal on the spotted sea
bass. Transcriptomic analysis showed that QUE may affect the body’s
antioxidant capacity, apoptosis, and cell growth through the PI3K-Akt
signaling pathway and Foxo signaling pathway-related pathways. On
the other hand, QUE may also enhance its bioavailability by up-
regulating phosphoenolpyruvate carboxykinase (PEPCK) and other
genes related to energy metabolism, thus better exerting its antioxidant
effect. These results reveal the potential of QUE in improving the anti-
oxidant capacity of the body, and provide a theoretical basis for alle-
viating the oxidative stress caused by soybean meal on cultured animals.
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