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A B S T R A C T   

The aim of this study was to investigate the effects of quercetin (QUE) on alleviating the negative effects of high 
soybean meal diet for spotted sea bass Lateolabrax maculatus. A healthy control group fed a 44% fishmeal diet 
was used, while the induction control group replaced 50% fishmeal with soybean meal. Subsequently, QUE was 
added at concentrations of 0.25, 0.50, 0.75, and 1.00 g/kg in the experimental groups. A total of 540 tailed 
spotted sea bass were randomly divided into 6 groups and fed the corresponding diet for 56 days. The results 
showed that 40% soybean meal significantly decreased the growth performance and immunity, increased the 
intestinal mucosal permeability, and caused damage to the intestinal tissue morphology; moreover, there were 
alterations observed in the composition of the intestinal microbiota, accompanied by detectable levels of sa
ponins in the metabolites. However, the addition of QUE did not yield significant changes in growth perfor
mance; instead, it notably reduced the permeability of the intestinal mucosa, improved the body’s immunity and 
the structural integrity of the intestinal tissue, increased the proportion of Proteobacteria, and enhanced the 
richness and diversity of intestinal microorganisms to a certain extent. In addition, QUE up-regulate the meta
bolism of amino acids and their derivatives and energy-related metabolites such as uridine and guanosine; 
furthermore, it appears to regulate transporters through the ABC transporters pathway to promote the absorption 
and utilization of QUE by enterocytes.   

1. Introduction 

The growing global demand for seafood depends on the continued 
growth of aquaculture production [1]. Over the past 30 years, aqua
culture has provided more than half of all aquatic products consumed by 
humans, with fish in particular providing at least 15% of the per capita 
animal protein intake for more than 4.5 billion people [2]. Because of its 
high protein content and balanced amino acids, fishmeal is considered 
the main protein source for many carnivorous fish in aquaculture [3]. 
However, an aquaculture model that relies on fishmeal as the main 
protein source is not sustainable due to the dramatic reduction in fish
meal catch production and the continuous increase in price [4]. At 
present, the plant protein with relatively high effective protein content 
and balanced amino acids - soybean meal, is considered to be the most 
promising and potential protein source to replace fishmeal, and has been 
widely used in production practice [5–7]. Unfortunately, however, 
soybean meal contains many anti-nutrient factors (ANFs), such as 

soybean antigen, phytic acid and lectin, which can cause negative effects 
on many fish, especially carnivorous fish [8,9]. Many studies have re
ported that high soybean meal diet (HSBMD) causes juvenile obscure 
puffer (Takifugu obscurus) [10], rainbow trout (Oncorhynchus mykiss) 
[11], turbot (Scophthalmus maximus) [12], Japanese flounder (Para
lichthys olivaceus) [13] to produce adverse reactions, including patho
logical changes of intestinal tissue morphology, increased permeability 
of intestinal mucosa and disturbance of intestinal microorganisms; the 
expression of inflammatory factors and tight junction proteins also 
changed accordingly [14–16]. 

Quercetin (QUE) is a natural flavonoid widely found in vegetables, 
fruits, and nuts [17]. QUE has a variety of pharmacological effects, 
including antioxidant [18], anti-inflammatory [19], immunomodula
tory [20], antiviral [21], antibacterial [22] and hypoglycemic [23]. In 
particular, the effects of QUE were closely related to its bioavailability 
[24]. In addition, studies have reported that water-soluble dietary fiber 
(especially soybean fiber) can improve the bioavailability of QUE after 
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long-term feeding, and promote the beneficial effect of quercetin on 
disease prevention [25]. Jia et al. [26] reported that QUE can interact 
with two major soybean proteins in a structure-dependent manner and 
change their secondary structure. Therefore, soybean meal may improve 
the bioavailability of QUE and thus better exert its beneficial effects, 
thereby reducing the above series of adverse reactions caused by 
HSBMD. 

Spotted sea bass (Lateolabrax maculatus) is a typical carnivorous fish 
with rich nutrition, delicious meat and strong adaptability which is 
deeply loved by people. Moreover, its aquaculture output is huge, with 
the output in China alone reaching 218,100 tons in 2022 [27]. However, 
HSBMD can also cause intolerance, or even more severe reactions in 
spotted sea bass, especially in the intestinal mucosal barrier and intes
tinal microbial disturbances [28]. Therefore, in this study, QUE was 
added to HSBMD and combined with intestinal microbiome and 
metabolomics analysis to explore the effect of QUE on alleviating the 
HSBMD intolerance of spotted sea bass, and to discuss the possibility of 
combining QUE as a feed additive with soybean meal to reduce the fish 
meal content in the feed formula. 

2. Materials and methods 

2.1. Experimental diets 

Six groups of feed formulations were designed according to the 
nutritional requirements of spotted sea bass [29]. 44% fish meal and 0% 
soybean meal were used as healthy control and labeled as HFM group; in 
addition, the negative response was induced by 40% soybean meal in 
spotted sea bass and labeled as HSM group; on the basis of HSM group, 
0.25, 0.5, 0.75 and 1 g/kg QUE were gradually added and labeled as 
QUE1, QUE2, QUE3, and QUE4, respectively. The QUE (C15H10O7, pu
rity: 97%) used in this study was purchased from Wanxiangli Biotech
nology Co., Ltd., Xiamen, China. Differences among groups were treated 
with flour trim (Table 1). 

First of all, the raw materials were fully crushed by a pulverizer 
(SGF130, Tianfan Pharmaceutical Machine Factory, Shanghai, China). 
After that, each solid component in the formula was fully mixed ac
cording to the method of mixing step by step, from small to large. Next, 
added fish oil, soybean oil, and a certain amount of water (about 30% of 
the weight of the meal) and stir to combine. The thoroughly mixed feed 
was put into a granulating machine (CD4 × 1 TS, South China University 
of Technology, Guangzhou, China) to produce a pellet feed with a par
ticle size of 2.5 mm. The prepared feed was dried in a constant tem
perature drying oven at 55 ◦C. When the water content was reduced to 
10%, it was taken out and cooled at room temperature, and stored at 
− 20 ◦C for use. 

2.2. Experimental fish and feeding management 

The culture experiment was carried out in the seawater test ground 
of Jimei University, and experimental fish were purchased from a 
commercial fishery in Fujian, China. The test site and fish tank were 
cleaned, disinfected and aerated before starting the culture experiment. 
The fish were fed in a temporary aquarium (1200 L) for two weeks to 
adapt to the test environment. During the temporary feeding period, the 
fish were fed twice at 8:30 and 17:30 until they were apparently full. 
After feeding for half an hour every night, about 30% of the water was 
changed, and the whole water body was oxygenated. 

The fish were fasted for 24 h after the temporary cultivation, and 
anesthetized with 150 mg/L eugenol [30]. A total of 540 fish with 
similar size (5.65 ± 0.02 g) were randomly assigned to 18 fish tanks 
with three replicates per group. The experiment period was 56 days. The 
feeding management during the formal experiment was basically the 
same as the temporary feeding. Each group was fed different diets with 
corresponding labels. All experimental fish tanks were connected to 
ensure that the water environment of the fish was completely consistent; 

the water temperature controlled by the chiller was 27.0 ± 0.2 ◦C; the 
salinity was maintained between 0.5 and 2.0 ppt; the dissolved oxygen 
was maintained at about 7 mg/L; the pH was maintained at 7.8–8.2; and 
the ammonia nitrogen concentration was maintained below 0.3 mg/L. 

2.3. Sample collection 

After the culture experiment was completed, the spotted sea bass was 
also fasted for 24 h and anesthetized with 150 mg/L eugenol. Eleven fish 
were randomly selected from each tank, blood samples were collected 
by the intravenous blood collection method, and the serum was isolated 
at 4 ◦C for 16 h, centrifuged (836×g, 4 ◦C) for 10 min, and stored at 
− 80 ◦C. The fish were then humanely dissected and the intestines were 
removed. Nine intestinal samples were briefly stored in liquid nitrogen 
and transferred to − 80 ◦C for storage. Five intestinal samples were used 
for the detection of related enzyme activity, and four intestinal samples 
were used for metabolomics analysis. The remaining two intestinal 
samples were immobilized with 4% paraformaldehyde for histological 
observation. 

2.4. Analysis of basic dietary components 

The contents of crude fat, crude protein, ash and water in dietary 
samples were determined by standard method [31]. Crude lipid was 
determined by Soxhlet extraction in ether; protein was determined by 
Kjeldahl nitrogen determination method (N × 6.25); the samples were 
burned in a Muffle furnace at 550 ◦C for 8 h to determine the ash con
tent; and the samples were dried in a 105 ◦C oven to constant weight for 
moisture determination. 

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⋅4H2O 50 mg/kg, MgSO4⋅H2O 4000 mg/kg, KI 100 
mg/kg, CoCl2(1%) 100 mg/kg, CuSO4⋅5H2O 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. 
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2.5. Growth performance parameters analysis 

The growth indexes in this study included survival rate (SR), weight 
gain (WG), specific growth rate (SGR), feed conversion ratio (FCR) and 
feed intake (FI). The calculation formulas are as follows:  

SR (%) = 100 × (Nt / N0)                                                                     

WG = (W1 – W0) / W0;                                                                         

SGR (%/d) = (lnW1 – lnW0) / d × 100;                                                 

FCR = f / (W1 – W0);                                                                            

FI (g/d) = f / 56;                                                                                 

In the formula: Nt is the number of survivors; N0 is the initial quantity; 
W1 is the average final weight (g); W0 is the average initial weight (g); 
d is the test days; f is the total food intake (g). 

2.6. Analysis of immune parameters 

In this study, immune parameters included intestinal and hepatic 
complement 3 (C3), complement 4 (C4), immunoglobulin M (IgM), 
alkaline phosphatase (AKP), acid phosphatase (ACP). The principle of 
C3, C4 and IgM activities detection are that competition method. In 
short, samples and biotin-labeled recognition antigen were added to the 
enzyme-labeled pore pre-coated with antibodies, after that, the sample 
and antigen compete with solid antibodies to form immune complexes. 
After PBST washed away the unbound biotin antigen, avidin-HRP was 
added to bind to the antigen and produce a color reaction under specific 
conditions. There was an absorption peak at 450 nm, and the absorption 
value was negatively correlated with the antigen concentration [32]. 
The AKP and ACP activities were determined by colorimetry. Disodium 
phosphate is decomposed by AKP and ACP to form free phenol and 
phosphoric acid, and phenol reacts with 4-amino-antipyrine in alkaline 
solution to oxidize red quinone derivatives [33]. All kits were provided 
by Nanjing Jiancheng Biotechnology Co., Ltd. 

2.7. Analysis of permeability parameters of intestinal mucosal barrier 

In this study, intestinal mucosal permeability related indexes 
included diamine oxidase (DAO), D-lactic acid (D-LA) and albumin 
(ALB). Commercial kits were used to determine each index. In short, 1, 
4-butylenediamine was catalyzed by DAO to produce CH3, which in turn 
reacts with α-ketoglutaric acid and NADH to produce glutamate. The 
rate of NADH decline per minute at 340 nm was measured by the 
spectrophotometer (UV-1200, MAPADA, China) to calculate DAO ac
tivity [34]. The activity of D-LA was determined by enzyme-linked 
immunosorbent assay (ELISA). The D-LA antibody was pre-coated in 
micropores, and the substrate changed color under the action of 
peroxidase and acid. In particular, the concentration of D-LA positively 
correlated with the color depth. Absorbance was measured at 450 nm 
using the microplate reader (EPHCH2T, BioTek, USA) [35]. When PH =
4, the color of bromocresol green changes with ALB, and the color depth 
is positively correlated with ALB. ALB activity was calculated by 
measuring absorbance at 628 nm wavelength [36]. D-LA kits were 
purchased from Shanghai Youxuan Biotechnology Co., Ltd., and DAO 
and ALB kits were purchased from Nanjing Jiancheng Biotechnology 
Co., Ltd. 

2.7.1. Intestinal morphological analysis 
Referring to previous laboratory studies, hematoxylin-eosin staining 

was used to observe intestinal tissue morphology [37]. In short, after the 
samples were fixed in 4% paraformaldehyde solution for 24 h, they were 
soaked and dehydrated in ethanol solution of different concentrations. 
The dehydrated samples were soaked in a mixture of 1:1 ethanol and 
xylene for 20 min, and soaked in a mixture of xylene and paraffin for 30 

min, then removed and quickly embedded with paraffin at 60 ◦C. After 
the paraffin was cured, slice it with a microtome, spread the slices in 
warm water, and collect the slides. After drying in the oven, they were 
soaked in xylene and ethanol solution for dewaxing, and hematoxylin 
and eosin were dyed successively. Three sections were selected in each 
group. The villus height, villus thickness and muscular thickness of each 
section were measured with Fiji (Image J-win64), and the histological 
changes of intestinal epithelial cells were evaluated according to the 
degree of villi changes. The light microscope (Eclipse Ci-L, Nikon, 
Japan) was used for filming and analysis. CaseViewer Ver 2.2 (The 
Digital Pathology Corp., Hungary) was used to observe the samples in 
different multiples. 

2.8. High-throughput 16s rRNA gene amplification and sequencing 

2.8.1. Total RNA extraction 
Stool DNA kit (Tiangen Biotech (Beijing) Co., Ltd.) was used to 

extract the total DNA of the samples. Meanwhile, the DNA was quanti
fied by Nanodrop, and the quality of the DNA extraction was detected by 
1.2% agarose gel electrophoresis. 

2.8.2. PCR amplification of the target fragment 
The target sequences that can reflect the composition and diversity of 

bacterial flora, such as microbial ribosomal RNA or specific gene frag
ments, were taken as targets, and corresponding primers were designed 
according to the conserved regions in the sequences, and specific bar
code sequences were added to the samples, and then PCR amplification 
was performed on the variable regions of rRNA genes or specific gene 
fragments. The amplified products were purified and recovered. In 
short, 25 μl of PCR products were added with Vazyme VAHTSTM DNA 
Clean beads, which were 0.8 times the volume. After full shock, the 
beads were absorbed on the magnetic rack for 5 min, and the superna
tant was carefully sucked out. After that, 20 μl of 0.8x magnetic bead 
washing solution was added, and the same full oscillating adsorption 
was carried out for 5 min, and the supernatant was carefully sucked out. 
Then, 200 μl of 80% ethanol was added and placed on the magnetic 
frame in the reverse direction. The magnetic beads were adsorbed on the 
other side of the PCR tube, and the supernatant was aspirated after full 
adsorption. The obtained supernatant was left standing at room tem
perature for 5 min until the alcohol volatilized completely and cracks 
appeared in the magnetic beads. Finally, 25 μl elution buffer was added 
for elution, the PCR tube was placed on the adsorption rack for 5 min, 
the supernatant was fully absorbed, and the supernatant was removed 
and stored in the centrifuge tube for future use. 

The assay Kit was used as the fluorescence reagent and the micro
plate reader (BioTek, FLx800) was used to quantify the recovered 
products. According to the fluorescence quantitative results, each sam
ple was mixed according to the corresponding proportion according to 
the sequencing quantity requirement of each sample. 

2.8.3. Sequencing library preparation 
Sequencing libraries were prepared using the TruSeq Nano DNA LT 

library prep kit (Illumina). In short, the end repair of the amplified 
product was performed first, and the prominent base at the 5′ end of the 
DNA sequence was removed by End Repair Mix 2 in the kit, and a 
phosphate group was added to supplement the missing base at the 3′ 
end. Then, a base was added to the 3′ end of the DNA sequence to pre
vent the DNA fragment from self-linking and ensure that the target 
sequence could be in phase with the sequencing splice. A sequencing 
adapter containing a library specific tag (index sequence) was added at 
the 5′ end of the sequence to enable DNA molecules to be immobilized on 
the flow cell. BECKMAN AMPure XP beads were used to remove the joint 
self-connecting segments by magnetic bead screening, and the library 
system was purified after adding the joint. The DNA fragments con
nected to the splices were amplified by PCR and purified by BECKMAN 
AMPure XP beads. Finally, the library was selected and purified by 2% 
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agarose gel electrophoresis. 

2.8.4. High-throughput sequencing 
The Agilent high sensitivity DNA kit and the Quant-iT PicoGreen 

dsDNA assay kit were used to conduct quality inspection on the Agilent 
Bioanalyzer and Promega QuantiFluor fluorescence quantification sys
tems, respectively. The qualified libraries were diluted in gradient, 
mixed in proportion according to the required sequencing amount, and 
denatured into single strand by NaOH for on-machine sequencing. 

2.9. Intestinal metabolomic analysis 

2.9.1. Metabolites extraction 
After freeze-drying, the weighed samples were placed in 2 mL 

Eppendorf tube containing a 5 mm tungsten bead for 1 min at 65 Hz in a 
grinding mill. The metabolites were extracted with a pre-cooled mixture 
of methanol, acetonitrile and water (v/v/v = 2/2/1), ultrasonic oscil
lated in an ice water bath for 1 h, placed at − 20 ◦C for 1 h, and cen
trifugated (14,000×g, 4 ◦C, 20 min). Recovery of supernatant and 
concentrated to dryness in vacuum. 

2.9.2. UHPLC-MS/MS analysis 
The UHPLC-ESI-Q-OrbitRAP-MS system (UHPLC, Shimadzu Nexera 

X2 LC-30AD, Shimadzu, Japan) and Q-Exactive Plus (Thermo Scientific, 
San Jose, USA) analyzed the extracted metabolites. Specifically, the 
separation was performed by liquid chromatography (LC) using ACQ
UITY UPLC®HSS T3 column (2.1 × 100 mm, 1.8 μm) (Waters, Milford, 
MA, USA). The electrospray ionization (ESI) was used for mass spec
trometry data acquisition in positive mode and negative mode, respec
tively. The HESI source conditions were set as follows: spray voltage: 3.8 
kv (positive) and 3.2 kv (negative); sheath gas (nitrogen) flow: 30 arb 
(arbitrary units); capillary temperature: 320 ◦C; probe heater tempera
ture: 350 ◦C; aux gas flow: 5 arb; s-lens rf level: 50. The instrument was 
set to acquire a full mass spectrum of 70–1050 Da in the m/z range. The 
full MS scans were acquired at a resolution of 70,000 at m/z 200, and 
17,500 at m/z 200 for MS/MS scan. 

2.9.3. Data preprocessing and filtering 
MS-dial was used for retention time correction, peak alignment, and 

peak area extraction of raw mass spectrometry data. The metabolites 
were identified by MS/MS data (mass tolerance <0.02 Da) and accuracy 
mass (mass tolerance <10 ppm). After that, it was compared with public 
databases such as HMDB and Massbank. In the extracted-ion features, 
only the variables having more than 50% of the nonzero measurement 
values in at least one group were kept. 

2.9.4. Multivariate statistical analysis 
All multivariate data analysis and modeling were performed using R 

(version: 4.0.3) and the R package. Principal component analysis (PCA), 
orthogonal partial least squares discriminant analysis (OPLS-DA) and 
partial least squares discriminant analysis (PLS-DA) were used to 
establish the model. The descriptive performance of the model was 
determined by R2X (cumulative) (perfect model: R2X (cum) = 1) and 
R2Y (cumulative) (perfect model: The R2Y (cum) = 1) value is deter
mined, while the predictive performance was measured by Q2 (cumu
lative) (perfect model: Q2 (cum) = 1) and the permutation test (n =
200). Differential metabolites were screened by the combination of 
difference multiple, P-value and VIP value of OPLS-DA model. The 
screening criteria were FC > 1, P < 0.05, VIP > 1. 

2.9.5. KEGG enrichment analysis 
KEGG pathway analysis was performed using the Kyoto Encyclo

pedia of Genes and Genomes (KEGG) database (http://www.kegg.jp) for 
differential metabolite data. KEGG enrichment analyses were carried out 
with the Fisher’s exact test, and FDR correction for multiple testing was 
performed. It was concluded that the enrichment of KEGG pathway was 

statistically significant at P < 0.05 level. 

2.10. Data statistics and analysis 

The average value of the experimental data in this study was calcu
lated and expressed as mean ± SD. Independent sample T test was used 
to analyze the differences between HFM and HSM. One-way analysis of 
variance was used to compare QUE addition groups with HFM and HSM, 
respectively. All statistical analyses were performed using SPSS Ver 26 
software. When P < 0.05, significant differences were considered and 
Duncan’s multiple range test was performed. Fig. 1, Fig. 2, Fig. 3 and 
Fig. 4 were made by GraphPad Prism 8. 

3. Results 

3.1. Growth performance parameters analysis 

The results of growth performance related indicators are shown in 
Fig. 1. The SR was 100% in each tank of spotted sea bass. The results 
showed that compared with the HFM group, WG, SGR and FI in the HSM 
group and quercetin supplementation group were significantly 
decreased (P < 0.05), and FCR was significantly increased (P < 0.05). In 
addition, HI in HSM and QUE1 groups was significantly higher than that 
in other QUE groups (P < 0.05). 

3.2. Analysis of immune parameters 

The results of immune parameters related indicators are shown in 
Fig. 2. The results showed that HSBMD significantly decreased the ac
tivities of intestinal C3, IgM, AKP, ACP and hepatic AKP, ACP (P < 0.05). 
The addition of QUE significantly improved the immunity of spotted sea 
bass. Among them, the intestinal and hepatic ACP activity was signifi
cantly increased in all QUE supplementation groups (P < 0.05); sup
plementation levels of 0.5 and 0.75 g/kg significantly increased hepatic 
and intestinal AKP activity, respectively (P < 0.05). In addition, the 
activities of intestinal C3 and hepatic C3 and C4 were firstly increased 
and then decreased with the increase of QUE supplemental level; when 
the supplementation level was 0.25 g/kg, the activities of intestinal C3, 
hepatic C3 and C4 were significantly higher than HSBMD group and 0.5 
g/kg addition group (P < 0.05). 

3.3. Analysis of permeability parameters of intestinal mucosal barrier 

The results of related indexes of intestinal mucosal permeability are 
shown in Fig. 3. The results showed that HSBMD significantly increased 
the activities of DAO and D-LA in serum and ALB in intestinal tract (P <
0.05). After adding QUE, the activities of DAO and D-LA in serum were 
significantly decreased (P < 0.05). Among them, the serum D-LA activity 
was significantly decreased in all QUE supplementation groups (P <
0.05), and the serum DAO activity was also significantly decreased at 
0.25, 0.5 and 0.75 g/kg supplementation levels (P < 0.05). There was no 
significant difference in serum ALB among all groups (P > 0.05). 

3.3.1. Intestinal morphological analysis 
The observation results of intestinal tissue morphology are shown in 

Figs. 4 and 5. The results showed that the intestinal morphology of 
spotted sea bass fed whole fish meal was normal, the epithelial cells 
were intact and orderly, the lamina propria was intact, and no obvious 
lesions were found. However, the intestinal epithelial cells and lamina 
propria of spotted sea bass with HSBMD were severely shed, and the 
villus height and muscular thickness were significantly reduced (P <
0.05). After adding QUE, the intestinal tissue morphology was improved 
and villus height, villus thickness and muscular thickness were signifi
cantly enhanced (P < 0.05); interestingly, villus height and muscular 
thickness were significantly increased(P < 0.05), but villus thickness 
was not significantly increased when the addition amount was 0.25 g/kg 
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(P > 0.05); however, when the addition was 0.5 g/kg, the villus thick
ness and muscular thickness increased significantly(P < 0.05), but the 
villus height did not increase significantly(P ＞ 0.05). In addition, a 
small number of epithelial cells were shed in the QUE supplementation 
groups, but the degree of lesions was significantly lower than that in 
spotted sea bass with HSBMD. 

3.4. Intestinal microbiota analysis 

3.4.1. Microbial species analysis 
At the phylum level, the dominant bacteria in HFM group include 

Proteobacteria, Tenericutes, Fusobacteria, and Firmicutes (Fig. 6a). The 
dominant microbiota composition of the other groups was similar to that 
of the HFM group. In addition, HSBMD reduced the proportion of Fir
micutes in the gut of spotted sea bass. Among them, the proportion of 
Firmicutes decreased in all HSBMD groups, and the proportion was 
similar among HSBMD groups. In particular, it has been observed that 
the proportion of Proteobacteria in QUE addition group has increased. 
The specific proportion of dominant microbiota are shown in Table 2. 

On the genus level, the dominant bacteria in all groups are Ceto
bacterium. However, after the addition of QUE, the proportion of Ple
siomonas increased, especially in QUE3 group, reaching the highest level 
(Fig. 6b). 

3.4.2. Alpha diversity analysis 
In this study, the richness of Alpha diversity was represented by the 

index of Chao1 and Observed species [38]; Shanno and Simpson indices 
represent diversity [39,40]; Faith’s PD index represents evolutionarily 
based diversity [41]; Pielou’s evennes index represents evenness [42]; 
and Good’s coverage index represents the extent of coverage. 

The results showed that compared with the HFM group, Chao1, 
Shannon and Observed species in the HSM group were significantly 
higher, but Good’s coverage was significantly lower. When the QUE 
supplemental level was 0.25 g/kg, compared with the HFM group, 
Chao1, Shannon and Observed species were also significantly increased, 
and Good’s coverage was significantly decreased. Compared with the 

HSM group, there was no significant difference in the above indexes. In 
addition, there was no significant difference in Alpha diversity related 
indicators between the remaining QUE addition group and the HFM 
group (Fig. 7). 

3.5. Intestinal metabolomic analysis 

According to the results of enzyme activities, groups HFM, HSM and 
QUE2 were selected for metabolomic analysis (QUE group was 
substituted for QUE2 group in the subsequent results). Metabolomics 
analysis detected 89, 98 and 90 differential metabolites between the 
three comparison groups (HFM vs HSM, HSM vs QUE and HSM vs QUE), 
respectively (Supplementary Table 1, 2, and 3). Significantly upregu
lated Daidzein and its derivatives, including soyasaponin Ba, malo
nyldaidzin and daidzein 7-O-glucuronide, were observed in the HSM 
group compared to the HFM group. In addition, the upregulation of 
metabolites related to sugar and energy metabolism were also detected, 
including tetrasaccharides and stachyose. On the other hand, a large 
amount of soybean meal may lead to the down-regulation of amino 
acids, their derivatives and metabolites; including tyrosine, prolylleu
cine, quinolinic acid, 2-hydroxyisovaleric acid, and fructosyl-lysine, 
which were significantly down-regulated (Fig. 8a). When QUE was 
added to HSBMD, four lysophosphatidylcholines (LPC (17:1), LPC 
(18:3), LPC (18:4), and LPC (20: 5)) and two lysophosphatidyl etha
nolamine (LPE (14:0) and LPE (22:6)) showed down-regulation. Inter
estingly, 2-hydroxyisovaleric acid and leucyl-Isoleucine were 
upregulated; in addition, citric acid, γ-delta-dioxyvalerate, uridine and 
guanosine, 2-hydroxypurine were also upregulated; however, hypo
xanthine was observed to be down-regulated (Fig. 8b). Compared with 
HFM group, the downregulation of soybean meal metabolites including 
soyasaponin Ba and daidzein 7-O-glucuronide were also observed in 
QUE group. Tetrasaccharides, stachyose also showed a downward 
adjustment; a small number of amino acids and their derivatives were 
also down-regulated, including prolylleucine, gamma-glutamylcysteine 
and timonacic. In addition, only one lysophosphatidylcholines (LPC 
(22:6)) was found to be up-regulated. uridine, guanosine, taurine and 

Fig. 1. Effects of QUE in high soybean meal diet on growth parameters of spotted sea bass. Note: Letters in corner marks a to f represent activity of represent initial 
weight (a), final weight (b), weight gain (WG, c), specific growth rate (SGR, d), feed conversion ratio (FCR, e), feed intake (FI, f), respectively. The discrepancy 
between the HFM group and HSM group is indicated by * (P < 0.05). Capital letters represent the discrepancy between QUE intake groups and HFM group, while 
different letters indicate significant variation (P < 0.05). Lowercase letters represent the discrepancy between QUE intake groups and HSM group, while different 
letters indicate significant variation, too (P < 0.05). Same to the following figures. 
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flavin mononucleotide (FMN) were also observed to be upregulated, and 
xanthine was observed to be upregulated (Fig. 8c). 

3.5.1. Class level classification of HMDB 
Based on the structure and function of metabolites, the HMDB class 

level classification of metabolites in each comparison group was 
performed. 

The results showed that the differential metabolites in the HFM vs 
HSM comparison group were mainly concentrated in fatty acyls, prenol 
lipids and carboxylic acids and derivatives (Fig. 9a). The differential 
metabolites of HSM vs QUE group were mainly concentrated in fatty 
acyls, glycerophospholipids and carboxylic acids and derivatives 
(Fig. 9b). The HFM vs QUE focuses on fatty acyls, Carboxylic acids and 
derivatives and organooxygen compounds (Fig. 9c). 

3.5.2. KEGG enrichment analysis 
In this study, 10 KEGG pathways with differentially enriched me

tabolites were screened to analyze the up-down-regulated metabolites 
and the trend analysis of KEGG pathway levels. 

The results showed that the main up-regulated differential metabo
lite in the HFM vs HSM comparison group was adenosine mono
phosphate (AMP), and it mainly flows to foxO signaling pathway, mTOR 

signaling pathway and PI3K-Akt signaling pathway. The main down- 
regulated metabolite was tyrosine, which plays a role in four path
ways (Fig. 10a). The upregulated metabolites in HSM vs QUE group 
were mainly Prostacyclin, uridine and guanosine; and the main down- 
regulated metabolite was cytidine; the primary pathway was ABC 
transporters (Fig. 10b). In the HFM vs QUE comparison group, the up- 
regulated metabolites were ascorbic acid, which mainly founded meta
bolic pathways (Fig. 10c). 

4. Discussion 

As mentioned in the introduction, fish meal contains more protein, 
more balanced amino acids and better palatability than soybean meal. 
As a matter of course, fish meal fed spotted sea bass had the higher WG, 
SGR, FI and lower FCR than HSBMD; and the study’s results fully sup
port this point. Zhang et al. [28] reported that replacing 50% fishmeal 
with soybean meal did not significantly reduce growth performance. 
The research results of Zhang et al. [43] showed that soybean meal could 
replace 60% of fishmeal in Japanese sea bass (Lateolabrax japonicus) 
feed. These reports differ from the results of this study. The author thinks 
that it may be due to the difference in tolerance to soybean meal caused 
by the initial weight of the test fish. In this experiment, the initial body 

Fig. 2. Effects of QUE in high soybean meal diet on immune parameters of spotted sea bass. Note: Letters in corner marks a to j represent activity of intestinal 
complement 3 (intestinal C3, a), intestinal complement 4 (intestinal C4, b), intestinal immunoglobulin M (intestinal IgM, c), hepatic complement 3 (hepatic C3, d), 
hepatic complement 4 (hepatic C4, e), hepatic immunoglobulin M (hepatic IgM, f), intestinal alkaline phosphatase (intestinal AKP, g), hepatic alkaline phosphatase 
(hepatic AKP, h), intestinal acid phosphatase (intestinal ACP, i), hepatic acid phosphatase (hepatic ACP, j), respectively. 
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weight was small, and the tolerance to soybean meal was low, which 
affected its growth performance. In addition, Chou et al. reported that 
replacing half of fishmeal with soybean meal would adversely affect the 
growth performance of juvenile cobia (Rachycentron canadum) [44]. Gu 
et al. [12] reported that there was a significant negative correlation 

between the growth performance of turbot (Scophthalmus maximus) and 
the supplemental level of soybean meal. Ma et al. [45] also reported that 
soybean meal had significant effects on the growth performance of Asian 
sea bass (Lates calcarifer). There are differences in the effects of soybean 
meal on fish growth performance in the above reports, which may be 

Fig. 3. Effect of QUE on intestinal mucosal permeability of spotted. Note: Letters in corner marks a to d represent activity of serum diamine oxidase (serum DAO, a), 
serum albumin (serum ALB, b), serum D-lactic acid (serum D-LA, c), intestinal albumin (intestinal ALB, d), respectively. 

Fig. 4. Intestinal structure of spotted sea bass. Note: Letters in corner marks a to c represent villus height (a), villus thickness (b), muscular thickness (c), respectively.  

Fig. 5. Intestinal morphological of spotted sea bass (400 × ). Note: Letters in corner marks a to f represent HFM (a), HSM (b), QUE1 (c), QUE2 (d), QUE3 (e), and 
QUE4 (f) respectively. The black arrows indicate epithelial cells and membranes propria shedding. 
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related to fish species, age, feed composition, feeding management and 
ANFs composition in soybean meal in different studies [46]. In addition, 
several studies have reported the improvement effect of QUE on the 
growth performance of tilapia (Oreochromis niloticus) [47], grass carp 
(Ctenopharyngodon idella) [48], common carp (Cyprinus carpio) [49] and 
snakehead fish (Channa argus) [50]. These results indicated that quer
cetin can promote the growth performance of aquatic animals. However, 
this study found that growth performance did not change significantly 
after the addition of QUE to the high-soybean meal feed, which may be 
due to the small initial body weight of the test bass, resulting in more 
serious intolerance to soybean meal. The effect of QUE addition could 
not offset the negative impact of soybean meal on growth performance 
of spotted sea bass. 

The complement system is an important link between adaptive and 

innate immunity in vertebrates, which plays an important role in 
pathogen defense, immune enhancement, and cell lysis [51]. C3 and C4 
are considered to be the most commonly measured components for 
monitoring immune diseases; C3 is the core component of the comple
ment system and the central molecule of all known proteins in the 
complement system; and C4 also plays an important role in activating 
the complement system [52,53]. Immunoglobulins (Ig) are a class of 
glycoproteins that play an important role in adaptive immunity by 
recognizing antigens, including IgM, IgD, and IgT/IgZ; IgM is the main 
body antibody, involved in mucosal immunity and systemic immunity 
[54,55]. AKP and ACP can change the surface structure of pathogens, 
enhance the body’s recognition and phagocytosis ability, and thus 
improve immunity [56]. In this study, HSBMD obviously had a negative 
effect on the immunity of spotted sea bass to some extent, which was 
manifested by the decrease in the activities of intestinal C3, IgM, AKP, 
ACP and hepatic AKP and ACP. Excessive supplementation of soybean 
meal has a negative effect on the immunity of farmed animals, which has 
been reported several times in previous studies; Liu et al. reported that 
replacing fishmeal with high soybean meal could decrease digestive 
enzyme activity and immunity in silver crucian carp (Carassius auratus 
gibelio♀ × Cyprinus carpio) [57]; Zhou et al. reported that excessive 
addition of soybean meal in feed could have a negative impact on the 
innate immune system of fish [58]. In addition, in this study, the addi
tion of QUE significantly enhanced the immunity of spotted sea bass; 
when the addition amount was 0.5 and 0.75 g/kg, AKP and ACP activ
ities were significantly increased and the activities of intestinal C3 and 
hepatic C3 and C4 were firstly increased and then decreased with the 
increase in QUE supplemental level. Similarly, Armobin et al. reported 
that supplementation with 400–600 mg/kg QUE could improve the 
immunity of common carp [59]; Kong et al. reported that QUE could 
improve the immune-related enzyme activity and immune gene 
expression of snakehead fish (Channa argus), and the best effect was 
achieved when the supplemental level was 300 mg/kg [60]. These re
ports confirm that QUE has a strong immunomodulatory effect on fish. 
However, in this study, the immunomodulatory effect of QUE on the 
spotted sea bass increased first and then decreased with the increase in 
supplemental levels. That suggests that the excessive addition of quer
cetin may have a negative effect on the body’s immunity or even 
immunosuppression. Wang et al. reported that adding 1 μg/L quercetin 
could significantly enhance the activities of ACP, C3 and C4 of zebrafish 
(Danio rerio), while the activities decreased when the supplemental level 
was increased to 1000 μg/L [61]; Khan et al. also reported that with the 
increase of QUE supplemental level, the immunity of the body first 
increased and then decreased, and reached the highest level when the 
supplemental level was 4 g/kg [62]; in addition, Xu et al. observed that 
immune-related enzyme activity increased after 0.4–0.6 g/kg QUE was 
added to grass carp (Ctenopharyngodon idella) feed, and then decreased 
with the increase of supplemental level [63]. The above studies have 
different reports on the optimal dosage, which may be related to the 
different types of fish, diet and purity of QUE; however, there is no doubt 
that QUE has the effect of improving the body’s immunity, and excessive 
addition may have negative effects on it. 

The intestinal mucosal epithelium acts as a physical barrier, allowing 
the normal absorption of nutrients while preventing the invasion of 
pathogens [64]; therefore, the intact intestinal mucosal barrier plays an 
important role in the normal function of the intestine. Serum D-LA and 
DAO activities are considered to be two important indicators for eval
uating intestinal mucosal permeability. D-LA is a metabolite produced 
by the fermentation of animal intestinal bacteria. DAO is a highly active 
intracellular enzyme secreted by villus cells in the upper layer of the 
intestinal mucosa. Normally, they are rarely found in blood serum. 
However, when the intestinal mucosal barrier is damaged, their activity 
in serum increases rapidly [65,66]. In this study, the serum D-LA and 
DAO activities of spotted sea bass with HSBMD were significantly higher 
than those of the whole fish meal group. The results indicated that the 
large amount of soybean meal increased the intestinal mucosal 

Fig. 6. Phylum and genus horizontal species distribution map (Top 20). Note: 
Phylum level (a), Genus level (b). The abscissa is the sample name and the 
ordinate is the relative abundance percentage. Different colors represent 
different species. 

Table 2 
Proportion of intestinal microbes at phylum level (%).  

Group Name 
Proteobacteria Tenericutes Fusobacteria Firmicutes 

HFM 20.53 ± 0.02 21.79 ± 0.04 15.29 ± 0.02 20.66 ± 0.11 
HSM 22.57 ± 0.01 23.35 ± 0.01 16.91 ± 0.01 14.37 ± 0.01 
QUE1 22.56 ± 0.01 23.87 ± 0.01 17.13 ± 0.01 14.03 ± 0.01 
QUE2 25.64 ± 0.05 22.50 ± 0.02 15.93 ± 0.01 13.55 ± 0.01 
QUE3 28.57 ± 0.07 22.52 ± 0.03 15.39 ± 0.02 13.03 ± 0.02 
QUE4 26.75 ± 0.07 22.67 ± 0.02 16.17 ± 0.01 14.88 ± 0.05  
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permeability and damaged the intestinal mucosal barrier. This result has 
been reported in previous studies [12,28]. In addition, the differential 
metabolism of saponin metabolites such as soyasaponin Ba in this study 
proved that the intestinal microbiota or its attached intestinal micro
biota could not effectively decompose soybean saponins contained in 
soybean meal. Therefore, the damage of intestinal structural integrity 
and the reduction of intestinal mucosal permeability in the spotted sea 
bass may be the result of ANFs or saponin metabolites [67]. Similarly, 
Knudsen et al. reported that soy saponins did not degrade or even induce 
enteritis in the intestines of Atlantic salmon (Salmo salar L.) [68,69]. 
After adding QUE to high soybean meal, serum D-LA and DAO activities 
decreased significantly, indicating that QUE reduced intestinal mucosal 
permeability and had a certain repairing effect on the intestinal mucosal 
barrier. In addition, the observation results of intestinal tissue 
morphology also confirmed this. Studies have reported that QUE, on the 
one hand, can improve the expression of tight junction protein gene and 
promote the proliferation of intestinal cells [70,71]; on the other hand, it 
can reduce the infiltration of neutrophils and macrophages in the colon 
tissue of colitis mice, and improve the secretion capacity of intestinal 
cells and mucin levels, thereby strengthening the intestinal mucosal 
barrier [72,73]. Therefore, QUE can reduce the negative effects of soy
bean meal on the intestinal tract of spotted sea bass by enhancing the 

intestinal mucosal barrier. 
It is well known that the intestinal microbiota plays an important 

role in the growth and development of the host [74]. As lower verte
brates living completely in water, fish have a large number of micro
organisms colonized in their intestines. However, unlike terrestrial 
animals, the composition of intestinal microbes in fish is influenced by 
factors such as complex water environment [75], feeding and diet [76], 
nutrition [77], and environmental stress [78]. At the beginning of 
feeding, the feed that fish consume can greatly change their gut 
microbiota, and even determine the composition and structure of the 
intestinal microbiota [79]. The results of this study showed that the 
dominant intestinal flora of several different diets were Proteobacteria, 
Tenericutes, Fusobacteria and Firmicutes. Previous studies have shown 
that several microorganisms have been identified as dominant micro
organisms in fish gut, including Proteobacteria, Firmicutes, Bacter
oidetes, Actinobacteria, and Fusobacteria [80–82]. In addition, many 
previous studies have reported that a diet rich in soy meal can cause 
disruptions in fish gut microbes [83,84]. Serra et al. [85] reported a 
preference for Firmicutes in the gut microbiome composition of Euro
pean seabass (Dicentrarchus labrax) on a high-soya meal diet; Kononova 
et al. [86] reported soybean meal diet of rainbow trout in the gut of 
Firmicutes/Proteobacteria ratio increased; however, this study found 

Fig. 7. Boxplot of differences between groups of the Alpha diversity index 
Note: Each panel corresponds to an alpha diversity index. In each panel, the horizontal coordinate is the group label, and the vertical coordinate is the value of the 
corresponding alpha diversity index. In the box diagram, the meanings of symbols are as follows: upper and lower end lines of the box, upper and lower quartile range 
(IQR); Median line, median; Upper and lower edges, maximum and minimum inner circumference (1.5 times IQR); The points outside the upper and lower edges 
represent outliers. The numbers under the diversity index label are the P-values of the Kruskal-Wallis test, with * representing significant differences from the 
other groups. 
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Fig. 8. Differential metabolite hierarchical clustering heat map 
Note: Letters in corner marks a to c represent HSM vs HFM (a); QUE vs HSM (b); QUE vs HFM (c). The more red the color, the higher the relative expression, and the 
more blue the relative expression, the lower the relative expression, and red arrows indicate that key metabolites are up-regulated and blue arrows indicate 
down-regulated. 
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that HSBMD reduced the proportion of Firmicutes. Similarly to this 
study, Liu et al. [83] reported that with the increase in dietary soybean 
meal, the proportion of Fusobacteria, Proteobacteria and actinobacteria 

in intestinal microbial composition showed an increasing trend, while 
the proportion of Firmicutes and Bacteroidetes showed a decreasing 
trend; Wang et al. [87] reported that replacing fish meal with soy 

Fig. 8. (continued). 
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Fig. 8. (continued). 
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protein isolate could significantly reduce the ratio of Firmicu
tes/Bacteroidetes. As previously stated, the composition of fish intesti
nal microbes is influenced by complex factors, so the differences in the 
above studies may be related to the species of aquatic animals, water 
environment, feed composition, environmental temperature and other 
factors. Proteobacteria, as the most abundant phylum in fish microbiota 
characterization studies, usually dominates the intestinal of marine 
carnivorous fish [88,89]. In addition, the intestinal microbiota of fish 
fed on fish meal is thought to be the closest to its native form and is more 
biased towards Proteobacteria. However, when the content of soybean 
meal is too high, the original intestinal microbes will decrease or 
disappear [86]. Therefore, the addition of large amounts of soybean 
meal to the diet can cause the intestinal microbes of farmed animals to 
deviate from their original form and produce corresponding changes. 
However, after QUE was added to this study, it was found that the 
proportion of Proteobacteria and Chao1, Shannon and Observed 
increased, but Good’s coverage decreased. In this study, the decrease in 
the proportion of Firmicutes may be caused by the massive addition of 
soybean meal, while the addition of QUE can increase the proportion of 
Proteobacteria, making the microflora more similar to that of fish meal. 
Moreover, the addition of QUE can improve the richness and diversity of 
intestinal microbes to a certain extent, but its coverage may be reduced. 
Similarly, Lin et al. [90] reported that QUE can enhance intestinal mi
crobial diversity; Hong et al. [91] also reported that colitis mice on the 
QUE diet showed higher Alpha diversity. QUE has a certain effect on the 
composition of intestinal microbes. On the contrary, bacteria also 
participate in the production and degradation of QUE; for example, the 
expression of β-glucosidase in bacteria can deglycosylate flavonoids to 
produce quercetin aglycones [92]; in addition, certain strains (Clos
tridium and Bacteroides) are able to split quercetin’s C ring and release 
3-(3-hydroxyphenyl) propionic acid and 3,4-dihydroxy phenyl acetic 
acid [93]. There is no doubt that QUE and other natural flavonoids have 
great potential to study the mechanism of interaction with the intestinal 
microbes. 

Before being absorbed by the intestine, QUE needs to be processed 
into quercetin glycoside by the digestive fluid or microorganism 

attached to the intestine. It is then absorbed by intestinal cells in two 
ways: 1) it is absorbed by transporters and then deglycosylated in in
testinal cells by glycosidase; 2) deglycosylation occurs through luminal 
hydrolases, and then glycoside ligands are transported to intestinal cells 
by passive diffusion or transporters [94–96]. In addition, further 
biotransformation of quercetin aglycones involves glucosylation, sulfa
tion and methylation of hydroxyl groups [97]. In this study, many hy
droxylated and methylated metabolites were found in the QUE addition 
group, such as: 2-Hydroxyisovaleric acid, 2-hydroxy-2-ethylsuccinic 
acid, 2-methylcitric acid and 4-methylphthalic anhydride; these me
tabolites may be the products of quercetin metabolized by gut microbes; 
however, no large amount of glucosylated and methylated quercetin was 
found in quercetin supplementation group. Therefore, the author spec
ulated that on the one hand, quercetin may be used as a feed additive, 
and the main way that the small amount of quercetin plays its role is to 
regulate the composition of intestinal microbes and be absorbed by in
testinal cells to further enter the blood and transport to the whole body; 
on the other hand, it may also be due to fasting for 24 h before sample 
collection, resulting in the complete metabolism of the remaining 
quercetin glycoside metabolites in the gut of spotted sea bass and their 
absorption and utilization by intestinal cells. The results of this study 
showed that a large amount of soybean meal led to the down-regulation 
of amino acids, their derivatives and metabolites; this may be due to the 
fact that the amino acid composition of soybean meal is not as balanced 
as that of fish meal, and the absorption and utilization efficiency of fish 
are not high. The addition of QUE upregulates these metabolites, but it is 
still downregulated compared to the whole fish meal diet. These results 
indicated that QUE could promote the absorption and utilization of 
amino acids in soybean meal. In addition, four lysophosphatidylcholines 
(LPC) and two lysophosphatidyl ethanolamines (LPE) showed 
down-regulation of metabolism after adding QUE. This suggests that 
QUE may also have the potential to regulate lipid metabolism. On the 
other hand, the main up-regulated differential metabolite in the HFM vs 
HSM comparison group was AMP, and the main down-regulated 
metabolite was tyrosine. The foxO signaling pathway, mTOR signaling 
pathway and PI3K-Akt signaling pathway were the main metabolic 

Fig. 9. Differential Metabolite Classification Loop (HMDB Class). Note: Letters in corner marks a to c represent HSM vs HFM (a); QUE vs HSM (b); QUE vs HFM (c). 
The larger the area, the greater the number of differential metabolites in the classification. The legend indicates the classification name, the number of differential 
metabolites, and the percentage in the pie chart. 
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pathways. AMP can activate AMP-activated protein kinase (AMPK) in 
the above pathways, and play an important role in a series of reactions 
[98]. Once the content of AMP is reduced, the activated AMKP is also 
reduced, and the expression of the above pathway is also blocked. Thus, 
HSBMD may adversely affect farmed animals by affecting the body’s 
energy metabolism and inhibiting several important expressions. The 
upregulated metabolites in HSM vs QUE group were mainly prostacy
clin, uridine and guanosine. The main down-regulated metabolite was 
cytidine; the primary transporters pathway is ABC transporters. This 
suggests that QUE may interfere with the body’s energy metabolism and 
promote the utilization of QUE by intestinal cells by promoting ABC 
Transporters regulation, thus alleviating the injury of soybean meal to 
the body. Interestingly, this study also found that QUE also seems to 
promote the metabolism of intestinal cells or their attached microor
ganisms to produce ascorbic acid and taurine. Studies have shown that 
the above two substances are beneficial to the body of farmed fish [99, 
100]. 

In this study, QUE has the ability to alleviate the negative effects of 
soybean meal on spotted sea bass. Therefore, it is suggested to promote 
its application in the aquaculture industry, providing more options for 
the safe application of aquaculture, and looking forward to providing a 
theoretical basis for the sustainable feed program of replacing fish meal 
with renewable plant protein. In addition, it is not clear whether QUE 

can combine with soybean meal fiber to promote the availability of QUE 
in the body, which is obviously a topic worthy of further study. At the 
same time, further studies on the short-chain fatty acid metabolism of 
intestinal microbes, targeted metabolism of intestinal microbes and 
quantitative analysis of intestinal microbes can be conducted to further 
study the interaction relationship and mechanism of QUE, intestinal 
microbes and intestines. In addition, the structural modification of QUE 
can greatly improve its bioavailability. Therefore, the exploration of the 
synthesis of QUE derivatives and their structure-activity relationship can 
accelerate the development and use of QUE. On the other hand, the 
negative effects of QUE have rarely been reported, especially in the field 
of practical farming applications. These potential negative effects not 
only affect the optimal use of QUE, but also limit the practical appli
cation of QUE. 

5. Conclusion 

In conclusion, quercetin can improve the body’s immunity, reduce 
intestinal mucosal permeability, increase the proportion of Proteobac
teria, and increase the species richness and diversity of intestinal mi
croorganisms to a certain extent, thus alleviating the intestinal damage 
caused by the high content of soybean meal, but the growth performance 
has not changed significantly. On the other hand, QUE may promote the 

Fig. 10. The top10 pathways of enrichment significance and the Sankey map of differential metabolites in each comparison group. Note: Letters in corner marks a to 
c represent HSM vs HFM (a); QUE vs HSM (b); QUE vs HFM (c). The first column on the left represents the differential metabolites of up & down, and the level of the 
box indicates the data flow, that is, the number of metabolites annotated to the pathway. The more corresponding pathways, the higher the box; The red flow line 
indicates the up-regulated (up) metabolite flow, and the blue flow line indicates the down-regulated (down) metabolite flow. The second, third, and fourth columns 
represent significantly enriched (p < 0.05) metabolic pathways, the second layer KEGG pathway category, and the top KEGG pathway category, respectively. 
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absorption and utilization of QUE by intestinal cells by up-regulating the 
metabolism of amino acids and their derivatives and energy-related 
metabolites such as uridine and guanosine, and by regulating trans
porters via ABC transporters. These results revealed the potential of QUE 
in alleviating intestinal damage caused by high soybean meal, and 
provided a theoretical basis for alleviating fishmeal shortage and real
izing sustainable green and healthy culture. 
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[95] S. Wolffram, M. Blöck, P. Ader, Quercetin-3-glucoside is transported by the 
glucose carrier sglt1 across the brush border membrane of rat small intestine, 
J. Nutr. 132 (4) (2002) 630–635, https://doi.org/10.1093/jn/132.4.630. 
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