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Simple Summary: Tunchang pigs are known for their good performance on roughage tolerance,
which may alleviate the conflict between humans and livestock for grain resources. This study
observed that Tunchang pigs can adapt to a high-fiber diet containing 5% crude fiber. The adaptive
alterations in intestinal microbiota and the regulation of genes collectively facilitated the digestion of
high-fiber diets in the host. These findings provide insight into the roughage tolerance of Tunchang
pigs, and contribute to further exploration of host-microbiota interactions.

Abstract: Although studies have revealed the significant impact of dietary fiber on growth perfor-
mance and nutrient digestibility, the specific characteristics of the intestinal microbiota and gene
regulation in pigs capable of digesting high-fiber diets remained unclear. To investigate the traits
associated with roughage tolerance in the Chinese indigenous pig breed, we conducted comparative
analysis of growth performance, apparent fiber digestibility, intestinal microbiota, SCFA concentra-
tions and intestinal transcriptome in Tunchang pigs, feeding them diets with different wheat bran
levels. The results indicated that the growth performance of Tunchang pigs was not significantly
impacted, and the apparent total tract digestibility of crude fiber was significantly improved with
increasing dietary fiber content. High-fiber diets altered the diversity of intestinal microbiota, and
increased the relative abundance of Prevotella, CF231, as well as the concentrations of isobutyrate,
valerate and isovalerate. The LDA analysis identified potential microbial biomarkers that could be
associated with roughage tolerance, such as Prevotella stercorea, and Eubacterium biforme. In addition,
appropriate high-fiber diets containing 4.34% crude fiber upregulated the mRNA expressions of PYY,
AQPS8, and SLC5A8, while downregulating the mRNA expressions of CKM and CNN1.This indicated
that appropriate high-fiber diets may inhibit intestine motility and increase the absorption of water
and SCFAs.

Keywords: fibrous diets; gut microbiome; roughage tolerance; Tunchang pigs; transcriptome

1. Introduction

The rising demand for feed grain exacerbates the conflict between humans and live-
stock for grain resources. Therefore, growing attention has been paid to the utilization
of agricultural byproducts as feedstuff, such as rice bran and wheat bran, while previous
studies found that the addition of fiber-rich ingredients can inhibit nutrient digestibility
and reduce feed intake in growing pigs [1-3]. These studies have revealed the significant
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impact of dietary fiber on growth performance and nutrient digestibility. However, there
are certain limitations, as they do not investigate the underlying interactions.

Trillions of microorganisms colonizing the host’s large intestine form a complex micro-
bial ecosystem, which is critical for nutrient absorption [4]. The digestive enzymes secreted
by the gastrointestinal tract of the pig cannot degrade dietary fiber. Therefore, nondigestible
dietary fiber is fermented in the large intestine to support microbial growth. In return, the
microbiota generate multiple metabolites, among which short-chain fatty acids (SCFAs)
are primary [5]. SCFAs serve as energy substrates, mitigate inflammation, and regulate
satiety [6]. A recent study found that the growth performance of weaned piglets fed dietary
corn bran or wheat bran improved due to alterations in intestinal microbiota and enhanced
butyrate production [7]. Many studies have focused on the impact of dietary fiber on
intestinal microbiota and microbial metabolites, overlooking the regulation of dietary fiber
on host gene expression, which influences the host’s physiological activities.

Chinese indigenous pig breeds have demonstrated good performance in roughage
tolerance [8-10], which may be related to intestinal microbiota and host-microbiota interac-
tions [11]. Tunchang pigs, a subpopulation of Hainan pigs, thrive in an environment similar
to Southeast Asia, characterized by a mild climate and abundant rainfall. These pigs gradu-
ally developed resistance to roughage through ample supplementation of green feed [12].
However, the roughage tolerance of Tunchang pigs remains unknown, and there is a lack
of studies investigating the underlying host-microbiota interactions. The present study
aimed to investigate the interaction between intestinal microbiota and gene expression in
response to feeding high-fiber diets to Tunchang pigs through 16S rRNA gene sequencing
and transcriptome sequencing. It was hypothesized that Tunchang pigs would perform
well in roughage tolerance and that dietary fiber would affect the composition and function
of cecal and colonic microbiota, involving the regulation of intestinal gene expression.

2. Materials and Methods
2.1. Animals, Diets and Sampling

A total of 24 Tunchang female pigs (day 180) with body weights of 43.71 4 2.89 kg
were randomly allotted into three groups: A, B and C group. Each pig was considered a
replicate, resulting in 8 replicates per group. Group A was fed a basal diet, while Group
B and C were provided with basal diets supplemented with 8% and 16% wheat bran,
respectively. The basal diet was formulated to meet the nutrient requirements of the NRC.
According to the “unique difference principle”, the dietary fiber level in each group was
adjusted by manipulating the wheat bran content. Additionally, the contents of corn,
soybean meal, grease meal, and fish meal were slightly adjusted to ensure the measured
values of crude protein (CP) and digestible energy (DE) were nearly identical (Table 1). All
pigs had ad libitum access to their diets and clean water during the 111-day experiment.
Feed consumption was recorded daily to calculate the average daily feed intake (ADFI).
Each pig was weighed at the beginning and end of the trial to determine the average daily
gain (ADG).

Table 1. Ingredients and nutrient level of the experimental diets (as-fed basis).

Items Group A Group B Group C
Ingredient (%)

Corn 60.95 56.50 52.00
Soybean meal 28.00 25.30 24.10
Wheat bran ! 2.00 9.50 15.50

Grease meal 3.00 2.80 2.60
Fish meal 2.00 1.85 1.75
Antifungal agent 2 0.05 0.05 0.05
Premix 3 4.00 4.00 4.00
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Table 1. Cont.

Items Group A Group B Group C
Nutrient level 4
CP (%) 16.54 16.36 16.20
CF (%) 3.57 4.34 5.00
DE (M]J/KG) 15.10 15.09 15.07

! Wheat bran: 14.11% CP, 13.99% CF, 0.15% AIA. ? Antifungal agent is a feed mold inhibitor that effectively
prevents the harm of various mycotoxins to pigs. > Premix supplied per kg diet as follows: vitamin A 8000 IU,
vitamin D3 1500 IU, vitamin E 100 mg, vitamin K3 4 mg, vitamin B; 2 mg, vitamin B, 8 mg, vitamin B 3 mg,
vitamin By, 0.04 mg, niacin 30 mg, pantothenie acid 35 mg, folic acid 0.6 mg, biotin 0.13 mg, Choline 150 mg, Fe
60 mg, Cu 5 mg, Zn 60 mg, Mn 10 mg, Se 0.15 mg and 1 0.1 mg. * The DE is calculated, whereas all other values
are analyzed.

At the end of the trial (day 111), fresh fecal samples were collected to determine
nutrient and fiber digestibility. Five pigs from each group were taken to a slaughterhouse,
euthanized by electrical stunning and exsanguination after approximately 12 h of fasting.
Digesta from the cecum and colon were collected for 165 rRNA gene sequencing and SCFAs
analysis. Sterile ophthalmic scissors were used to excise the cecal and colonic segments for
transcriptome sequencing.

2.2. Chemical Analysis

The apparent total tract digestibility (ATTD) was determined by using acid-insoluble
ash (AIA) as an endogenous indicator. Diets and fecal samples were analyzed for DE,
CP, CF and AIA according to the Association of Official Analytical Chemists procedures
(AOAC) [13]. ATTD was calculated as follows:

ATTD (%) = 100% x (1 — (NCf x AIAp)/(NCp x AIAF))

where NCp is the nutrient content in feces; AIAp is the content of AIA in diets; NCp, is the
nutrient content in diets; and AIAg is the content of AIA in feces.

Cecal and colonic SCFA concentrations were determined by a gas chromatography—
tandem mass spectrometry platform at Personal Biotechnology Co., Ltd. (Shanghai, China),
according to a previous study [14].

2.3. 165 rRNA Gene Sequencing

DNA extraction and 16S rRNA gene sequencing were conducted at Personal Bio Inc.
(Shanghai, China). Microbial DNA was extracted from the digesta of cecum and colon using
a DNeasy PowerSoil Kit (QIAGEN, Hilden, Germany,) according to the manufacturer’s
protocols. The V3-V4 hypervariable regions of the bacteria 165 rRNA gene were amplified
with primers 338F and 806R by the T100 PCR system (Bio-Rad, Hercules, CA, USA). Purified
amplicons were pooled in equimolar paired-end sequencing performed on an Illumina
MiSeq platform (Illumina, San Diego, CA, USA), according to the standard protocols [15].
Raw sequenced reads were processed to obtain high-quality clean reads as described by
a previous study [16]. Clean reads were demultiplexed and constructed to an amplicon
sequence variant (ASV) feature table using the QIIME ‘DADA?2’ package [17]. Greengenes
database (Release 13.8) [18] was used to predict taxonomic assignments for each ASV
sequence. Results were then exported for further analysis in R software (v4.1.0).

2.4. Transcriptome Sequencing

Total RNA was extracted from all intestinal segment samples using a Total Kit II
(OMEGA, Norcross, GA, USA). The TruSeq RNA Library Prep Kit v2 (Illumina, San
Diego, CA, USA) was used to construct cDNA libraries according to the manufacturer’s
instructions. After RNA extraction, purification, library construction, and PCR, the cDNA
libraries were subjected to paired-end sequencing using Illumina NovaSeq 6000 sequencing
platform at Personal Bio Inc. (Shanghai, China). The raw data downloaded from platform
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contains some adapter-contaminated and low-quality reads, which may interfere with
subsequent data analysis. Cutadapt (v1.2.1) was used to further filter the raw data to obtain
clean data [19]. The clean data was aligned to the reference genome (Sus scrofa 11.1) using
the improved BWT algorithm with the HISAT2 software, which offers higher speed and
lower resource consumption [20]. The “DESeq2” package in R software (v4.1.0) was used
to calculate the fold change in expression between two groups and g-values for multiple
testing. Differential expression genes (DEGs) were analyzed and filtered based on the
criteria: |log2FoldChangel > 1, and a significant q-value < 0.05.

2.5. Quantitative Real-Time PCR

Total RNA was isolated from cecal tissue by using SPARKeasy Plus Universal Kit
(SparkJade Bio Inc., Shandong, China), according to the manufacturer’s protocols. Con-
centration and purity of RNA samples were determined on a NanoDrop 2000 spectropho-
tometer (Thermo Scientific, Waltham, MA, USA). Single-stranded cDNA was synthesized
from 1 pg of total RNA by using the SPARKscript RT Plus Kit (AG0304; Spark]Jade Bio Inc.,
Shandong, China), according to the manufacturer’s protocols. Quantitative real-time PCR
was carried out with the use of 2 x SYBR Green qPCR Mix (AH0104; SparkJade Bio Inc.,
Shandong, China). The reaction system of quantitative real-time PCR was 10 pL including
5 uL SYBR mix, 1 pL cDNA, 0.2 pL forward and reverse primers (10 umol/L), and 3.6 uL
RNase free water. Quantitative real-time PCR was performed on Bio-Rad CFX96 Real-Time
PCR System (Bio-Rad, Hercules, CA, USA). The expression of the genes was calculated
relative to the expression of the housekeeping gene (-actin with the formula 2—AACt.
Amplification of specific transcripts was confirmed by melting-curve profiles at the end of
each PCR. The primer sequences are listed in Supplementary Materials: Table S1.

2.6. Bioinformatics and Statistical Analysis

All data were presented as the mean + SEM. Comparing the differences of non-
normally various indicators among groups was conducted using by the Kruskal-Wallis one-
way ANOVA with the Benjamini-Hochberg false discovery rate multiple-testing correction.
The differences were considered significant when p < 0.05 and a trend when the p value
was between 0.05 and 0.10. Correlations between intestinal microbiota and SCFAs were
analyzed using Spearman’s correlation analysis with the “pheatmap” package in R (v4.1.0).

3. Results
3.1. Growth Performance Was Not Adversely Affected by Dietary Fiber Level

The ADG of pigs in group A, B and C was 0.36 = 0.10 kg/d, 0.31 &+ 0.08 kg/d and
0.32 &+ 0.11 kg/d, respectively. The feed conversion rate in each group was 4.72 + 0.61,
4.94 + 0.65 and 5.08 + 0.73, respectively. No significant differences were observed among
groups in the growth performance of pigs (Table 2).

Table 2. Responses of growth performance of Tunchang pigs to dietary fiber levels.

Items Group A Group B Group C p-Value
Initial weight (kg) 41.63 +2.74 45.75 +1.10 43.75 + 3.14 0.38
Final weight (kg) 82.81 £13.17 80.86 £+ 9.56 80.44 4-14.43 0.93

ADG (kg/d) 0.36 +0.10 0.31 £ 0.08 0.32+0.11 0.60
ADFI (kg/d) 1.68 + 0.34 1.51 +£0.22 1.59 £0.35 0.60
F/G 4.72 £ 0.61 494 £ 0.65 5.08 £0.73 0.62

3.2. Fiber Apparent Digestibility Significantly Improved with Dietary Fiber Increasing

The ATTD of CP and CF were determined (Table 3). As dietary fiber increased, no
significant differences in the ATTD of CP (one-way ANOVA, p = 0.72) was observed among
group A (CP: 0.86 £ 0.01), group B (CP: 0.87 & 0.03), and group C (CP: 0.87 £ 0.02). How-
ever, a high-fiber diet significantly increased the ATTD of CF, with values of 0.59 & 0.07,
0.73 £ 0.03, and 0.76 £ 0.01 for groups A, B, and C, respectively (p < 0.05).
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Table 3. Responses of the ATTD of CP and CF to dietary fiber levels.

Items Group A Group B Group C p-Value
CcP 0.86 + 0.01 0.87 + 0.03 0.87 &+ 0.02 0.98
CF 0.59 +0.072 0.73 £0.03b 0.76 £0.01P 0.00

Kruskal-Wallis one-way ANOVA was conducted; different letters in the same row indicate a signifi- cant difference
(p < 0.05), while the lack of variation in letters indicates no significant difference (p > 0.05).

3.3. High Fiber Level Altered the Diversity of Cecal and Colonic Microbiota

The cecal and colonic microbial structure and composition were revealed by 16S
rRNA gene sequencing. A total of 801,735 and 1,008,607 high-quality sequences were
generated from cecal and colonic samples, respectively, with an average of 53,449 and
67,240 sequences per sample. The coverage index in this experiment consistently exceeded
0.99, indicating that the sequencing results adequately represent the breadth and depth of
the samples. There were no significant differences in species richness (as indicated by the
ACE and Chaol indices) or diversity (as indicated by Shannon and Simpson indices) in
the cecal and colonic microbiota at the taxonomic level (Figure 1a,b). However, ANOISM
analysis based on Bray—Curtis distance showed that differences in the cecal and colonic
microbiota among groups were significantly greater than differences within each group
(p < 0.05) (Figure 1c,d). This suggested notable variations in the composition of cecal and
colonic microbiota in Tunchang pigs under different dietary fiber levels (p < 0.05).
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Figure 1. The comparison of microbial diversity of Tunchang pigs among groups. Alpha diversity
of cecal microbiota (a) and colonic microbiota (b). Anoism test of cecal microbiota (c¢) and colonic
microbiota (d) based on Bray—Curtis distance.

3.4. High Fiber Level Increased the Relative Abundance of Intestinal Microbiota Related to
Fiber Degradation

In the cecum, Firmicutes, Bacteroidetes and Proteobacteria were the three dominant
phyla (Figure 2a), which accounted for 51.30%, 36.61%, and 6.77% in group A, 42.74%,
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46.62%, and 8.13% in group B, and 43.72%, 48.22% and 5.65% in group C, respectively. The
relative abundance of Bacteroidetes significantly increased (p < 0.05). It is worth noting that
there was a significant decreasing trend (p < 0.10) in the relative abundance of Firmicutes
and Verrucomicrobia with the increase in dietary fiber levels. At the genus level, the 10
most predominant genera (those with a relative abundance >3% in at least one group) were
Prevotella, unidentified_Bacteroidales, unidentified_ Ruminococcaceae, unidentified_S24-7,
unidentified_Lachnospiraceae, CF231, Phascolarcto-bacterium, Succinivibrio, and SMB53
(Figure 2b). The relative abundance of CF231 was significantly increased in group C
compared with other groups (p < 0.05).

Cecy
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Figure 2. The intestinal microbial composition in the cecum and colon of Tunchang pigs evaluated at
the phylum (a) and genus (b) level. The LDA analysis in the cecum (c) and colon (d).
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In the colon, similar to cecum, the three dominant phyla were Bacteroidetes, Firmicutes,
and Proteobacteria (Figure 2a), contributing 46.54%, 44.38% and 4.47% to group A, 55.47%,
39.35% and 1.70% to group B, and 55.06%, 38.30% and 3.81% to group C, respectively. There
was a significant increasing trend (p < 0.10) in the relative abundance of Bacteroidetes with
the increase in dietary fiber levels. At the genus level, the relative abundance of Prevotella
significantly increased in group B compared with group A (p < 0.05) (Figure 2b).

Some key microbial biomarkers were identified by linear discriminant analysis (LDA)
coupled with LDA Effect Size. In the cecum, four microbial biomarkers (LDA scores > 2)
were obtained from group B and C, including f Clostridiaceae, g RFN20, s_unidentified
REN20, and s_[Eubacterium] biforme (Figure 2c). In the colon, there were seven microbial
biomarkers in group B and C, mainly from the Prevotella genus, such as Prevotella stercorea,
as well as f_Clostridiaceae and g_Collinsella (Figure 2d). These microbial colonies were
likely to be associated with a fiber degradation function.

3.5. Dietary Fiber Promotes the Increase in the Functionality Activity of the Microbiota and SCFAs

The alpha diversity analysis and LDA focused on the diversity and composition of
intestinal microbiota. Microbial functions of different microbiota among groups were
predicted with PICRUSt2 analysis, referring to the MetaCyc and KEGG database. The
PICRUSt2 analysis showed that most microbial metabolic pathways were enriched in
biosynthesis, degradation, generation of precursor metabolite and energy processes. In
terms of biosynthesis, the main focus was on amino acids, cofactors, coenzymes, electron
carriers, vitamins, nucleosides and nucleotides, as well as fatty acid and lipid biosynthesis.
In terms of degradation, the main focus was on carbohydrate, carboxylate, nucleoside
and nucleotide degradation. The most significant processes in the generation of precursor
metabolite and energy was fermentation, followed by glycolysis and the tricarboxylic acid
cycle (Figure 3a). Similar results were found in the colon. One-way ANOVA analysis found
several microbial pathways of KEGG and MetaCyc had higher abundance in group B and
C compared to those in group A (p < 0.05), such as fructose and mannose metabolism,
lipopolysaccharide biosynthesis, and lipid IVA biosynthesis (Figure 3b,c). These enriched
microbial pathways helped us understand the active metabolism in cecal and colonic
microbiota, and also demonstrated that these microbiota ferment undigested carbohydrates
that are not absorbed in the small intestine to produce SCFAs and provide energy.

The SCFA concentrations in the cecum and colon were next determined using GC-
MS. One-way ANOVA revealed that the cecal concentrations of isobutyrate, valerate and
isovalerate significantly increased (p < 0.05) in group C compared with other groups
(Figure 3d). Dietary fiber level did not affect the acetate, propionate and butyrate con-
centrations in the cecum. The colonic SCFA concentrations were not affected by dietary
fiber level.

3.6. Differentially Expressed Genes Related to Roughage Tolerance in the Cecum

Transcriptome sequencing was employed to examine the impact of dietary fiber levels
on mRNA expression of genes in the cecum. Enrichment analysis of DEGs revealed that
most of these genes are enriched in pathways related to cell signaling and cell adhesion
(Figure 4a). Notably, the mRNA expressions of PYY and AQPS8 were significantly increased
in the cecum of pigs in group B compared with group A, whereas the mRNA expressions
of CKM and CNN1 were significantly decreased (p < 0.05) (Figure 4b). Additionally, The
mRNA expression of SLC5A8 was significantly elevated in the cecum of pigs fed high-fiber
diets (p < 0.05). The results of quantitative real-time PCR corroborated the findings from
the transcriptome analysis (Figure 4c).
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Figure 3. The predicted functions of cecal microbiota of Tunchang pigs based on PICRUSt analysis
(a). Significantly changed microbial functions of KEGG (b) and MetaCyc (c). #p <0.05 compared
with group A. Significantly changed SCFAs (d). * p < 0.05; ns, not significant.
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Figure 4. The top 20 differentially expressed genes between group A and B (a) in the cecum of
Tunchang pigs. KEGG enrichment analysis of differentially expressed genes (b). Relative expression
of several genes as determined by quantitative real-time PCR (c). AQPS8, aquaporin 8; SLC5AS,
solute carrier family 5 member 8; PYY, peptide YY; CKM, creatine kinase, M-type; CNN1, calponin 1.
#p <0.05,#p <0.01.

4. Discussion

Dietary fiber is essential for the normal physiological metabolism of monogastric
animals, as revealed by studies on its physicochemical properties and nutritional func-
tions [21]. Our results showed no significant difference in the growth performance of pigs
fed high-fiber diets, indicating that Tunchang fattening pigs could tolerate the diet with
5% CEF. Similar results have been reported previously [9,22,23]. However, there were some
contradictory results in the previous studies. For example, the inclusion rate of distiller
dried grains with solubles was increased from 0 to 20% in nursery pig diets [24] and from
0 to 30% in growing-pig diets [25]. This resulted in a linear decrease in pig body weight,
despite the diets being formulated to contain similar net energy. Various factors, such
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as genetic background and husbandry management can lead to different outcomes in
similar studies, both of which affect growth performance. Tunchang pigs have gradually
developed good performance on roughage tolerance through long-term breeding [12].

The roughage tolerance of Tunchang pigs was demonstrated by the significant im-
provement in the ATTD of CF with increased dietary fiber. The ATTD determined using
AIA as an indigestible marker was highly correlated with that determined using total fecal
collection [26], providing a more intuitive understanding of the digestion and absorption
of nutrients in pigs. Compared with other animal trials [27,28], the ATTD of CP and CF
determined in the present study were slightly higher. We speculated that pigs ingested a
small amount of dust ash during feeding and drinking, leading to higher AIA content in
feces. Given the small within-group error, the ATTD reflected the nutrient digestion and
absorption in pigs.

Due to pigs’ inability to secrete fiber-digesting enzymes, dietary fiber degradation
primarily relies on fermentation by the cecal and colonic microbiota. Studies have shown
that diet plays a crucial role in regulating the composition of intestinal microbiota [29], with
dietary fiber being a key driver of these changes [30]. Changes in dietary fiber can alter
the intestinal microbiota’s metabolic pathways and reorganize the microbial community
in order to adapt to the new diet. In this study, high-fiber diets significantly increased the
relative abundance of Bacteroidetes in the cecum, with a significant increasing trend in the
colon. Bacteroidetes are dominant symbiotic bacteria in the intestines, with a sophisticated
capacity to degrade polysaccharides and extract energy [31]. Additionally, Xie et al. [32]
speculated that the higher abundance of Bacteroidetes in the intestines of Laiwu pigs may be
related to the excellent roughage tolerance of Chinese indigenous pig breeds. A significant
decreasing trend was observed in the relative abundance of Verrucomicrobia in cecal and
colonic microbiota with increased dietary fiber. Similarly, a previous study reported a
significant decrease in the relative abundance of Verrucomicrobia when Heigai pigs were
fed a diet containing 30% alfalfa [33]. At the genus level, Prevotella was consistently one
of the dominant genera, regardless of the dietary fiber level and intestinal segment. This
finding is in line with previous studies [34-36], indicating that Prevotella may be a signature
genus in intestinal microbiota of pigs. Meanwhile, the relative abundance of Prevotella in the
colon significantly increased with the increase in dietary fiber. As a genus of Bacteroidetes,
Prevotella exhibits diverse capabilities in utilizing complex carbohydrates [37]. In the cecum,
CF231 had a high relative abundance, and its relative abundance significantly increased
with the increase in dietary fiber, especially in group C, accounting for 11.05%. The CF231
is commonly present in the rumen of ruminants, and is one of the dominant genera [38,39].
Huang et al. [40] found a significant positive correlation between CF231 and carbohydrate
metabolism in the functional prediction of rumen microbiota in dairy cows. In a study
on the differences of colonic microbiota and microbial metabolism between Landrace and
Meishan pigs, correlation analysis showed a significant positive correlation between CF231
and SCFAs [41].

To understand the differences in intestinal microbiota associated with high or low
ATTD of CF, LDA was used to identify potential microbial biomarkers related to roughage
tolerance, such as Prevotella stercoren and Eubacterium biforme. The PICRUSt2 accurately
predicts the functional potential of microbial communities based on 16S rRNA sequencing
data [42]. In this study, PICRUSt2 analysis revealed that the cecal and colonic microbiota
primarily ferment CF to produce SCFAs for energy. This underscores the crucial role of in-
testinal microbiota in the host’s roughage tolerance. There were higher cecal concentrations
of isobutyrate, valerate and isovalerate in group C compared with the other two groups,
while there was no significant difference in the colonic SCFA concentrations among groups.
Subsequent correlation analysis revealed the main relationships between intestinal micro-
biota and SCFAs, explaining the significant differences in the cecal SCFA concentrations.

SCFAs are an important source of energy for the host and also regulate host gene
expression, thereby modulating physiological activities [43]. Transcriptome sequencing was
used to identify DEGs in the cecum of Tunchang pigs among three groups with different
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dietary fiber level. It could help us further explore candidate genes and pathways that
related to roughage tolerance of Tunchang pigs. In this study, enrichment analysis of
DEGs revealed that most of these genes are involved in pathways related to cell signaling
and cell adhesion. Notably, the mRNA expression of PYY was significantly increased
in the cecum of pigs in group B. PYY encodes peptide YY, a short peptide released by
intestinal cells that regulate satiety. By binding to neuropeptide Y receptors, peptide YY
inhibits gastrointestinal motility and increases water absorption [44]. Correspondingly,
there was significant downregulation of CKM and CNN1, which are involved in regulating
smooth muscle contraction, and significant upregulation of AQPS8, encoding aquaporin
proteins. Furthermore, a recent study indicated that peptide YY also functions as an
antimicrobial peptide, capable of inhibiting the transformation of virulent Candida albicans
and selectively promoting the proliferation of non-pathogenic yeast forms. It plays a crucial
role in maintaining fungal balance in the mammalian digestive system [45]. Additionally,
the mRNA expression of SLC5A8 was significantly increased in the cecum and colon of
pigs fed with high-fiber diets. SLC5A8, also known as SMCT1, encodes sodium-coupled
monocarboxylate transporter 1, which mediates the active transport of SCFAs within
the intestine, facilitating their absorption by intestinal epithelial cells [46]. Meanwhile,
a study in mice revealed that SLC5AS8 inhibits the differentiation of naive T cells into
pro-inflammatory IEN y-secreting cells by transporting butyrate. It has also been observed
that SLC5A8 can prevent colitis and colon cancer under conditions of low fiber intake. It
is concluded that SLC5A8 serves as a crucial link between dietary fiber and the mucosal
immune system through the bacterial metabolite butyrate [47]. Similarly, the upregulation
of PYY and SLC5A8 was also shown in the cecum of pigs fed 15% dietary alfalfa meal [48].
We speculated that appropriate high-fiber diets could inhibit intestine motility and increase
the absorption of water and SCFAs.

5. Conclusions

In conclusion, this study observed that Tunchang pigs can adapt to a high-fiber diet
with 5% crude fiber. The adaptative alternation of intestinal microbiota and regulation
of genes jointly promoted the host to digest appropriate high-fiber diets. These findings
draw insight into the roughage tolerance of Tunchang pigs, and help in further exploring
host-microbiota interactions.
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Simple Summary: Ellagic acid, extracted from medicinal foods like raspberries and pomegranates,
enhances poultry production and disease resistance by regulating redox, inflammation, and cell
death. However, the research on ellagic acid in poultry is nascent, with unclear mechanisms. This
mini-review summarizes the latest 10-year findings to promote the practical use of ellagic acid in
maintaining poultry health and formulating strategies.

Abstract: It has been approximately 2000 years since the medicinal homologous theory, which primarily
holds that food has the same therapeutic value as medicine in order to improve the health of both humans
and animals. In recent years, this theory has also been proposed to be used in poultry breeding.
Ellagic acid (EA), a natural compound primarily extracted from medicinal homologous foods such
as raspberries and pomegranates, is reported to have incomparable advantages in improving the
production performance and disease resistance of poultry due to its pharmacological properties, which
regulate the processes of redox homeostasis, inflammatory response, and cell apoptotic death. However,
the application and research of EA in poultry production are still in the initial stage, and the potential
mechanisms of its biological functions affecting animal health have not been clearly identified, which
requires more attention worldwide. This mini-review collects the latest 10-year achievements of research
on the effects of EA on poultry health, aiming to promote the practical application of EA in maintaining
animal health and formulating corresponding targeted strategies.

Keywords: medicinal homologous; poultry breeding; oxidative stress; inflammation; apoptosis

1. Introduction

For the growth and health of livestock and poultry, oxidative stress, inflammation, and
apoptosis occurring within tissue cells are important biological processes that have a signif-
icant impact on animal production performance and disease resistance, exhibiting complex
interactions that depend on specific production and health environments [1,2]. Oxidative
stress, typically characterized by the excessive production of free radicals, such as reac-
tive oxygen species (ROS) and reactive nitrogen species (RNS), serves as a double-edged
sword, initiating various diseases if unchecked [3]. Acute and chronic inflammation, two
distinct responses to external stimulation like physical and chemical damages, pathogenic
microorganisms, and autoimmune reactions, play crucial roles in both host defense and
pathological progression [4]. Notably, the occurrence of oxidative stress can activate
the signaling pathways related to the inflammatory responses and increase the level of
proinflammatory cytokines and molecules, thereby triggering tissue inflammation [5,6].
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Conversely, inflammatory stimulation exacerbates the occurrence of oxidative stress by
inducing the generation of excessive free radicals, creating a vicious cycle between these
two processes. Apoptosis, a highly regulated form of programmed cell death, relies on
various signaling networks that converge on a comprehensive action mechanism [7]. The
activation of apoptotic pathways is crucial for eliminating damaged cells within tissues
and maintaining microenvironmental homeostasis [8]. Moreover, numerous studies have
confirmed that the apoptotic signaling pathways can be activated or inhibited by oxidative
stress and inflammation, leading to cell death in the end [6,9]. The intricate interdepen-
dence among oxidative stress, inflammation, and apoptosis is of paramount importance
in livestock and poultry production. In cases where these processes are dysregulated,
they contribute significantly to the pathogenesis of numerous disorders, impacting pro-
duction performance, such as reduced growth rates, lower reproductive efficiency, and
compromised meat quality, as well as decreasing disease resistance, thereby enhancing
susceptibility to infections and inflammatory conditions [10-12]. Therefore, a comprehen-
sive understanding of the molecular mechanisms underlying these biological processes,
along with the identification of potential targets for intervention, is crucial for developing
effective strategies to enhance livestock and poultry production performance and maintain
physical health.

On account of the intimate link among redox homeostasis, the inflammatory response,
and cell apoptotic death in biological systems, increasing research has been conducted
on these properties of medicinal homologous foods, particularly their relevance to the
production of livestock animals and poultry. These foods prominently embody the value
of food and medicine fusion, and their unique biological activities that hold significant
potential for enhancing animal health and productivity [13]. The bioactivities of medicinal
homologous food extracts are closely related to their chemical compositions, including
alkaloids, terpenoids, saponins, and flavonoids, which jointly promote their overall func-
tional effects [14]. Ellagic acid (EA), a polyphenol substance found in natural resources
like raspberries and pomegranates, mainly exists in its condensed form [15]. EA exhibits
remarkable potential in the treatment of stress-induced pathologies in animals due to its
ability to antagonize intracellular oxidative stress, inflammation, and cell apoptosis [16-18].
Meanwhile, the favorable safety profile and compatibility with other therapeutic agents of
EA suggest its potential use as a natural additive or supplement in animal feeds, aiming
to improve animal resilience and overall performance [19]. Consequently, the exploration
of the potential application of EA in addressing oxidative stress-mediated inflammatory
injury and cell apoptotic death in livestock and poultry represents a valuable theoretical
framework and provides a promising avenue for enhancing animal welfare, health, and
productivity. It is worth noting that there have been research results using poultry as model
animals, which have found that EA plays an important positive role in improving poultry
production performance and resisting harmful stimulation, providing a theoretical basis
for its practical application in animal production.

2. The Chemical Properties of Ellagic Acid

Plant polyphenols are secondary metabolites derived from the metabolic pathways
of shikimic acid and phenylalanine in plants, containing at least one phenolic hydroxyl
group [20]. They can be divided into three categories: tannins, flavonoids, and lignin. EA
belongs to the class of polyphenol extractives (tannins) widely spread among dicotyle-
dons. Natural EA mainly exists in concentrated form in the ester linked to sugar in the
hydrolyzable tannin component known as ellagitannins (ETs) [15]. During plant chemical
processing, under either acidic or basic conditions, ester bonds of ETs are hydrolyzed,
yielding a hexahydroxydiphenoyl group, which spontaneously lactonizes into EA [21]. The
chemical formula of EA is C14H¢Og, with a molecular weight of 302.19 g/mol, known as
2,3,7 8-tetrahydroxy-chromeno [5,4,3-cde]chromene-5,10-dione. Pure EA is a milky white
crystal with a melting point above 360 °C. It is a highly symmetrical molecule, where
one molecule of EA is composed of hydrophilic parts of four hydroxyls and two lactones
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functional groups and lipophilic parts of four six-membered hydrocarbon rings, resulting
in the whole molecular space maintaining a planar distribution [22]. Due to the interaction
of hydroxyl groups and the lactone systems forming hydrogen bonds, functions such as
participating in antioxidant redox reactions are performed by EA [23]. Under the influence
of its structure, EA shows poor aqueous solubility, which is the major pharmacological
limitation; however, it is slightly soluble in methanol, alcohol, and dimethyl sulfoxide, and
the best solvent is polyethylene glycol [24,25].

3. The Anti-Oxidant Property of Ellagic Acid

Oxygen free radicals, especially ROS, are generated intracellularly within the mito-
chondria and other cellular components [26,27]. Under physiological conditions, low levels
of ROS are crucial for maintaining many important physiological functions by regulating
redox homeostasis and key signaling pathways. When the ROS accumulates excessively,
they can cause the occurrence of oxidative stress and destroy all of the key biomolecules,
including proteins, membrane lipids, and DNA, ultimately leading to various diseases
such as intestinal inflammation and digestive dysfunction, immunologic suppression, re-
productive disorders, and muscle dysplasia and growth retardation in livestock animals
and poultry [28-31]. The characteristic of oxidative stress is the transition from the balance
between the formation and elimination of free radicals to their excessive formation. To
alleviate the adverse effect of ROS, organisms have evolved a sophisticated and multilevel
antioxidant defense system, in which the initial and most effective layer comprises enzymes
with superior catalytic activity, including glutathione peroxidases (GPx), superoxide dis-
mutases (SODs), thioredoxin, and catalase (CAT), and some antioxidant substrates [32,33].
This intricate system efficiently protects cells from ROS-induced toxicity and alleviates the
impairment caused by oxidative stress [34].

Known for its remarkable anti-oxidative stress characteristics, EA stands out as a natu-
rally obtainable pharmacological agent, with a bioactive polyphenolic molecule structure.
Numerous studies from both in vivo and in vitro trials have consistently demonstrated the
protective function of EA in alleviating oxidative damage in animals caused by various ad-
verse factors, such as heat stress, dietary changes, and hazardous substance exposure [35].
The antioxidant function of EA is achieved by either attenuating the accumulation of exces-
sive ROS or activating specific antioxidant enzymes [36,37]. A previous study showed that
dietary supplementation with EA (100, 200, or d 400 mg/kg) could improve serum GPx
activity, increase intestine villus height and crypt depth, and decrease the feed /gain ratio
in yellow-feathered broilers [38]. Meanwhile, the study result on the potential effects of EA
and mesocarp extract of Punica granatum on the productive and reproduction performance
of laying hens indicated that the supplementation of EA or Punica granatum extract to diet
remarkably restrained malondialdehyde (MDA) concentration and increased total antiox-
idant capacity in serum and liver samples, accompanied with increased egg production,
feed intake, and body weight of hens [39]. Furthermore, the addition of different doses of
EA (0, 75, 150, 300, and 600 mg/kg) to the basic diet can significantly increase the activities
of antioxidant enzymes GPx, SOD, and CAT and reduce the level of peroxide MDA in the
serum of Arbor Acres broilers under heat stress, thus improving intestinal barrier function
and growth performance parameters (Final weight and the feed/gain ratio) [35].

Interestingly, the molecular mechanism by which EA activates the antioxidant system
has also been extensively studied and confirmed. It is reported that nuclear factor erythroid
2-related factor 2 (Nrf2) is the key target for EA to stabilize ROS levels [40,41]. As a classi-
cal nuclear receptor transcription factor, Nrf2 is a crucial regulator of redox homeostasis.
Under quiescent conditions, two glycine repeat domains of kelch-like ECH-associated
protein 1 (Keap1) homodimer bind with the latch and the hinge domains of a single Nrf2
molecule to repress Nrf2 activity; however, when cells are exposed to stress resources, the
glycine repeat domains of Keap1 released the hinge domain of Nrf2 to block Nrf2 ubiquiti-
nation and degradation, thus inducing free and newly synthesized Nrf2 to translocate to
the nucleus to achieve its active function [42,43]. Recent studies have demonstrated that
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EA can directly stimulate the nuclear translocation of Nrf2, enhancing its interaction with
the antioxidant response element sequence found in antioxidant enzymes such as heme
oxygenase-1 (HO-1) and quinone oxidoreductase 1 (NQO1) [31,44]. This process increases
the expression of these enzymes, which, in turn, helps to alleviate oxidative stress and
offers a defensive and protective mechanism against the detrimental effects of xenobiotic
metabolism [45,46]. For instance, it has been reported that supplementing with EA in
orally administered Lactobacillus brevis can significantly increase the mRNA and protein
expression of Nrf2, promote the mRNA expression levels of HO-1, NQO1, and GPx1, and
increase the contents of SOD, CAT, and glutathione in the caeca of Leghorn chickens [47].
Meanwhile, a recent study has shown that EA has the ability to exert protective effects
on tissue dysfunction and structural alteration through the improvement in antioxidant
function regulated by sirtuin 1 (SIRT1) [48]. SIRT1 is a histone deacetylase that can sense
energy levels in cells and has the function of delaying cell aging, helping cells resist external
stress, and improving metabolism. It has been reported that SIRT1 activates Nrf2 nuclear
translocation through deacetylation, thereby regulating the expression of its downstream
antioxidant and detoxification gene [49]. In addition, besides SIRT1, AMP-activated protein
kinase (AMPK) is also targeted and inhibited by EA to alleviate LPS-induced oxidative
stress [50]. AMPK can phosphorylate Nrf2 or its upstream signaling molecules, indirectly
enhancing the defense ability of the antioxidant system [51]. Therefore, based on existing
evidence, activating Nrf2 activity is a key mechanism for EA to exert antioxidant function
and maintain tissue cell redox homeostasis (Figure 1). In conclusion, an in-depth under-
standing and exploration of the regulatory mechanism of EA on redox homeostasis provide
substantial help for the subsequent use of EA in preventing adverse consequences related
to oxidative stress.
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Figure 1. The mechanism of ellagic acid EA in improving the antioxidant system function of poultry.
EA = ellagic acid; SRIT = sirtuin 1; AMPK = AMP-activated protein kinase; Keapl = kelch-like
ECH-associated protein 1; Nrf2 = nuclear factor erythroid 2-related factor 2; P-Nrf2 = phosphorylated
Nrf2; HO-1 = heme oxygenase-1; NQO1 = quinone oxidoreductase 1.
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4. The Anti-Inflammatory Property of Ellagic Acid

Inflammation, a highly conserved and sophisticated defense mechanism, serves as
a crucial response to diverse stimulations ranging from microbial invasion, mechanical
trauma, or chemical insults, and its primary objective is to neutralize the source of dam-
age and reinstate tissue homeostasis, which is important for maintaining animal health
and performance [52]. As a response to these stimuli, immune cells in injured tissues
release proinflammatory cytokines, chemokines, and inflammatory metabolites, collec-
tively known as inflammatory mediators [53]. These mediators play an important role in
orchestrating the inflammatory response, which is indispensable for combating infections
and facilitating tissue repair. However, once the delicate balance between the generation
and elimination of inflammatory mediators is disrupted, the tissue will experience sus-
tained or excessive inflammation in livestock and poultry. This dysregulation can develop
into different types of diseases, such as intestinal lesions that impair nutrient absorption,
metabolic disturbances affecting growth and reproduction, and autoimmune disorders
that compromise overall health and welfare [54,55]. Modulating inflammatory mediators
emerges as a strategic approach for preventive and therapeutic interventions in livestock
and poultry. By targeting specific inflammatory mediators or pathways, researchers aim to
mitigate the detrimental consequences of excessive inflammation, enhance animal resilience
against disease challenges, and ultimately optimize production efficiency and animal health
outcomes.

As a substance endowed with the ability to regulate numerous chemicals and signaling
pathways that are involved in the inflammatory cascade, EA exhibits a remarkable potential
to modulate the inflammatory response. A series of studies have shown that the reason
why EA exerts anti-inflammatory effects is attributed to inhibiting the actions of several
mediators that promote inflammation, such as proinflammatory cytokines (interferon y
[IEN-y], interleukin [IL]-1, 1 IL-6, and IL-17) and chemokines (C-C motif ligand [CCL]-2
and CCL-3), or promote the release of the anti-inflammatory cytokine-like IL-10 [56-58].
For example, dietary EA significantly reduced the content levels of IL-6 and TNF-« and
increased the levels of IL-2, IL-10, and immunoglobulins IgG, IgM, and IgA in the cecal tis-
sue of Guangxi yellow feathered broiler chickens infected with Eimeria tenella [59]. Of note,
the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) pathway, being
crucial in the inflammatory process, has been shown to be effectively blocked by EA [60].
NF-«B coordinates the expression of crucial regulatory genes through two distinct activa-
tion mechanisms, namely the canonical and noncanonical pathways [61]. The canonical
pathway of NF-kB, triggered by inflammatory and immune signals, utilizes the IkB kinase
(IKK) complex (IKKy, IKKe, and IKKf) to phosphorylate IkB, releasing NF-kB dimers
to regulate transcription of proinflammatory cytokines such as tumor necrosis factor-o
(TNF-o0) and IL-1 [62,63]. EA mainly alleviates inflammation via the NF-«B canonical path-
way. Previous studies have demonstrated that by targeting the IKK-NF-«kB pathway, EA
could lead to a reduction in the expression of these proinflammatory cytokines and retards
the subsequent inflammation occurrence [64,65]. It was reported that under post-infection
with Eimeria tenella, significant anti-inflammatory effects were observed in chickens orally
gavaged with EA and in combination with Lactobacillus, which was accompanied by NF-«B
pathway expression inhibition [47].

Furthermore, some upstream signaling molecules or pathways have also been re-
ported to be regulated by EA, thereby affecting NF-kB pathway-mediated inflammation
processes. For instance, in mouse tissue injury models (such as ulcerative colitis, hepatitis,
and neuralgia), EA administration can alleviate NF-kB-activated tissue inflammation and
pathological damage by inhibiting the phosphorylation activation of the mitogen-activated
protein kinase pathway (c-Jun N-terminal kinase, extracellular regulated kinase 1/2, and
p38) or the expression of toll-like receptors (TLR2 and TLR4) [66,67]. Significantly, the
NF-kB dimer activates target genes by binding to specific DNA binding sites, often requir-
ing the assistance of other transcription factors. For instance, the signal transducers and
transcriptional activators (STAT) family can directly control the transcription expression
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of NF-kB to participate in the inflammation occurrence [68]. The six primary isoforms of
the STAT family (STAT1 to STAT®6) play significant roles in regulating signal transduction
involved in cell proliferation and death, immunity reaction, and metabolism [69]. The
ability of EA to inhibit the expression of the STAT transcription factor family is believed to
regulate the inflammatory response [70]. Studies have shown that EA can inhibit the activa-
tion of Janus kinase (JAK), thereby limiting the recruitment and phosphorylation of STAT
protein and alleviating NF-kB-mediated inflammation [62,71]. Tang et al. investigated the
therapeutic effects of dietary EA on subclinical necrotic enteritis in broilers and found that
EA could alleviate intestinal barrier dysfunction and inflammatory damage in the jejunum,
as well as decrease the feed conversion ratios of broilers by modulating the TLR/NF-«xB
and JAK3/STAT6 signaling pathways [72]. These studies clearly explain the mechanism of
EA influencing the NF-kB pathway and its cascade of events (Figure 2), which contributes
to emphasizing its potential use as a medication to treat a range of inflammatory conditions
in poultry production.

EA o o

Inflammatory
~_response

kel

/ nucleus \

Figure 2. The mechanism of ellagic acid in suppressing the inflammatory response of poultry.
EA = ellagic acid; JAK3 = Janus kinase 3; STAT6 = signal transducers and transcriptional activator
6; TLR2 = toll-like receptor 2; TLR4 = toll-like receptor 4; NF-«B = nuclear factor kappa-light-chain-
enhancer of activated B cells; IkB = inhibitor of NF-«B; IKK = IkB kinase; P-IkB = phosphorylated
IkB; IL-1 = interleukin 1; IL-6 = interleukin 6; TNF-o = tumor necrosis factor-c.
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5. The Anti-Apoptosis Property of Ellagic Acid

Apoptosis, universally recognized as a type of programmed cell death, constitutes a
crucial biological mechanism essential for maintaining tissue homeostasis by meticulously
regulating cell populations. This process selectively eliminates dysfunctional, damaged, or
superfluous cells, thereby ensuring the overall health and stability of an organism [73,74].
The occurrence of apoptosis is governed by two primary signaling pathways: the extrinsic
and intrinsic pathways [75]. The extrinsic pathway, also known as the death receptor
pathway, is initiated when specific ligands bind to transmembrane death receptors (such
as Fas) on the cell surface, triggering a cascade of signaling events that ultimately lead to
apoptosis [76]. In contrast, the intrinsic pathway is activated in response to intracellular
stress signals, such as oxidative stress and inflammation, ultimately leading to perme-
abilization of the outer mitochondrial membrane and releasing proapoptotic factors that
further propagate the apoptotic signaling [7]. The final execution of apoptosis relies on
the caspase family of proteases, which are activated by both the extrinsic and intrinsic
pathways. These proteolytic enzymes function as molecular scissors, cleaving key cellular
substrates to dismantle the cells in a highly energy-dependent manner [77]. However,
under the influence of excessive oxidative stress and uncontrolled inflammation, damaged
tissues can also undergo excessive apoptosis, which can have a negative impact on the nor-
mal physiological functions of livestock and poultry, thereby endangering their production
performance [78].

EA can maintain cell viability by inhibiting the activation of pro-apoptotic pathways.
In a rat liver injury model induced by methotrexate exposure, oral administration of
EA significantly activated the expression of antioxidant genes Nrf2 and HO-1 and in-
hibited the expression of proinflammatory factors NF-kB and IL-6, thereby alleviating
methotrexate-induced mitochondrial dysfunction and apoptosis in liver cells [79]. More-
over, EA treatment significantly downregulated the STAT3/NF-kB pathway and improved
testosterone propionate-induced benign prostate hyperplasia in mice by decreasing the
inflammatory response, increasing mitochondrial dynamics, and suppressing apoptotic
death [62]. Therefore, it can be concluded that EA mainly reduces tissue cell apoptosis
caused by pathogenic stimuli in various diseases by exerting its biological effects of an-
tioxidant and anti-inflammatory effects. In the field of poultry production, research on the
anti-apoptotic potential of EA is still at a nascent stage. Encouragingly, in a quail model of
lead poisoning, the supplementation of EA in diets could significantly alleviate the adverse
effects of lead on the growth performance parameters of laying quails (Coturnix japonica)
and suppress apoptosis in the liver tissue by enhancing the antioxidant defense system [80].
Meanwhile, the results from in vitro cellular experiments have demonstrated that after
storing the semen of ROSS 380 roosters in Beltsville extender containing EA liposomes for
a certain period of time, compared with the control, EA liposomes significantly increased
the GPx and total antioxidant capacity of sperm and reduced the rate of apoptosis, thus
accompanying an increase in total motility and membrane functionality [81]. Therefore,
we have reason to believe that dietary supplementation with EA has the ability to help
poultry reduce the occurrence of abnormal apoptosis of tissue cells. However, whether
the anti-apoptotic role of EA in poultry farming to maintain tissue and cellular health is
universal remains to be confirmed through extensive practical applications.

6. Conclusions and Perspectives

EA, a bioactive compound present in various plants, performs significant roles in the
prevention of diseases, such as immune-related diseases, intestinal injury, and metabolic
disorders. This mini-review summarizes an overview of its recent research progress
in preventing and treating oxidative stress, inflammation, and cell apoptosis in poultry
production, and provides relevant reports on how it helps poultry improve production
performance and resist harmful stimuli by regulating these biological processes. Generally,
EA mainly exhibits antioxidant properties through Keap1/Nrf2 pathway activation, anti-
inflammation properties through NF-kB pathway inhibition, and reduces the incidence
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Simple Summary: Tea polyphenol (TP) has increasingly attracted wide, attractive attention
due to their powerful biological activities. In this study, we found that TP activated
intestinal immune ability and, combined with TLR2 to inhibit NF-«B activation, reduced
the expression of pro-inflammatory factors. TP also reserved the phosphorylation of MLC
to upregulate the expression of tight junction proteins. These results showed that dietary
TP protected the intestinal immune barrier and alleviated inflammatory injury through the
TLR2/NF-«kB/MLCK signal in the intestines of common carp.

Abstract: Tea polyphenol (TP) is a kind of natural macromolecular compound present in
tea extract with rich biological potential. The purpose of this study was to explore the
protective effect of TP on the intestinal immune barrier and the related mechanisms of
TP alleviating intestinal injury. Models of common carp (Cyprinus carpio L.) and primary
intestinal epithelial cells treated with TP and lipopolysaccharide (LPS) were established.
The qPCR and ELISA results showed that TP increased the levels of lysozyme (LZ), alkaline
phosphatase (ALP), complement component 3 (C3), complement component 4 (C4), im-
munoglobulin T (IgT), immunoglobulin D (IgD), and immunoglobulin M (IgM) to activate
intestinal immune ability. Molecular docking indicated that TP had a strong interaction
with TLR2. Meanwhile, TP alleviated LPS-induced intestinal inflammatory damage as
evidenced by reducing the mRNA levels of TNF-w, IL-6, IL-13, TLR2, MyD88, P65, and IxBx,
which were consistent with those of ELISA and Western blotting results. Moreover, the
qPCR and Western blotting results revealed TP promoted the levels of tight junction-related
proteins (claudins, occludin, and ZOs) and inhibited the phosphorylation of MLC, which
showed the opposite trend after LPS treatment. In summary, the present study indicated
that TP improved immune ability and inhibited the activation of the TLR2/NF-«B/MLCK
pathway to attenuate LPS-induced inflammatory injury in the intestines of common carp.

Keywords: tea polyphenol; intestinal immunity; inflammatory injury; TLR2 /NF-kB/MLCK
pathway
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1. Introduction

Common carp (Cyprinus carpio L.), one of the most consumed in Asia, occupies an
important position in freshwater aquaculture. The intestines are an essential immune organ
of fish [1]. Intestinal immunity depends on innate and adaptive immune responses. The
innate immune components of the intestine include alkaline phosphatase (ALP), lysozyme
(LZ), and complements (such as C3 and C4) in fish. LZ exhibited antibacterial effects by
destroying bacterial cell walls to lyse bacteria [2]. Complement, equally as an important
antimicrobial component, can directly participate in body defense [3]. Igs are the main
adaptive immune components of the intestine. Igs (IgM, IgD, and IgT) act as a local immune
system to directly combine with the antigen, preventing pathogens from invading the cell
in teleosts [4]. Previous studies have shown that LPS injections can increase complement
activity to stimulate immune response and induce inflammatory response in carp [5]. In
this study, LPS challenge was used to investigate its effect on intestinal immune level.

Toll-like receptors (TLR) are important protein molecules involved in innate immunity,
which are also a bridge connecting innate immunity and adaptive immunity. In com-
mon carp, TLR2 is a major protein molecule that participates in the inflammatory signal
transduction process [6]. The activation of TLR2 is dependent on the combination with
the downstream protein myeloid differentiation factor 88 (MyD88) [7]. Nuclear factor
kappa-B (NF-«kB) is the hub of the downstream signaling pathway of TLR2. The expres-
sion of inflammatory factors is regulated by activated NF-«B, which initiates the immune
response [8]. However, excessive inflammatory factors are the key triggers of intestinal
mechanical barrier destruction. Tight junction proteins are essential components of the
mechanical barrier of the intestine. They close the gaps between cells to prevent harmful
substances from leaking into the body [9]. It is now understood that tight junction proteins
are regulated by myosin light chain kinase (MLCK). MLCK promotes myosin light chain
(MLC) phosphorylation and affects the expression of tight junction proteins, resulting in
intestinal barrier dysfunction [10]. In addition, the activation of MLCK is regulated by
NF-kB, which affects tight junctions, causing increased intestinal permeability [11].

Tea polyphenol (TP), the main active ingredient in tea, is widely used as food addi-
tives [12]. TP has been proven to have a variety of biological activities, including anti-
inflammatory, antioxidant, and immune protection effects [13,14]. Studies have pointed out
that dietary TP can improve the growth performance of groupers under a high-fat diet [15].
Studies have shown that TP can also alleviate tissue damage caused by poisons such as
tetrabromobisphenol A, trimethyltin chloride, and acetochlor [12,16,17]. Although studies
have pointed out the protective effect of TP on fish, the intestinal immune capacity and
tissue protection of TP still need to be further explored in common carp. This study at-
tempted to explore the beneficial effect of TP on the intestines by detecting histopathological
changes, immune factor levels, inflammation, and tight junction indicators in the intestines
of common carp, providing a theoretical basis for the application of TP in aquaculture.

2. Materials and Methods

All the experimental procedures were followed by the Institutional Animal Care and
Use Committee of Northeast Agriculture University in this study (NEAU2023046).

2.1. Molecular Docking

Molecular docking was used to evaluate the interaction between TP and TLR2.
AutoDock (v4.2.6) (http://autodock.scripps.edu/) is the automatic docking procedure
for this docking study. The GenBank login number of TLR2 is BAU98381. Pymol (v3.1)
software was used to optimize the target, such as removing water molecules and small
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molecular ligands. Hydrogenation and charge treatment were performed with AutoDock
Tools and saved in a “pdbqt” format. The binding energy between TP and TLR2 was
calculated according to AutoDock’s interaction energy protocol. A binding energy of less
than —5.0 kcal/mol represents an ability to interact, and a binding energy of less than
—7.0 kcal/mol represents a strong binding activity.

2.2. Animals and Treatments

Eighty common carps (mean initial weight: 152.63 &+ 11.52 g) were randomly divided
into eight tanks (70 x 50 x 30 cm) and fed on a pellet diet at 3% of their body weight
two times every day. Continuous 24 h aeration was supplied to the tanks by air-stones.
One-third of the water was replaced with clean dechlorinated water and adaptive feeding
for 7 days. After 7 days of acclimation, the fish were randomly distributed into four tanks
(20 fish/tank). In the control group (CG), the common carp were fed with a control diet for
21 d and intraperitoneal injection with PBS for 96 h. In the TP group (TP), the common carp
were fed with a diet containing 1000 mg/kg TP for 21 d and intraperitoneal injection with
PBS for 96 h. In the LPS group (LPS), the common carp were fed with a control diet for 21
d and intraperitoneal injection with 4 mg/kg LPS for 96 h. In the TP + LPS group (TL), the
common carp were fed with a diet containing 1000 mg/kg TP for 21 d and intraperitoneally
injected with 4 mg/kg LPS for 96 h. The concentrations of LPS and TP were determined
based on previous studies [16,18]. Other environmental conditions were consistent with
natural conditions. Subsequently, the common carp were anesthetized with 0.02% MS-222
and euthanized. The intestines were removed, a part of the intestines rinsed with PBS, and
fixed in 4% paraformaldehyde. The remaining intestinal segments were frozen in liquid
nitrogen and stored at —80 °C for later tests.

2.3. Cell Culture

Primary intestinal epithelial cells of common carp were cultured according to the
previous study [19]. Common carp were starved, and intestinal segments were aseptically
removed. The intestinal segments were rinsed with PBS containing penicillin (200 pg/mL)
and streptomyecin (200 pg/mL). Then, intestinal segments were cut into pieces and washed
with PBS as described above. The intestinal fragments were digested with trypsin solution
for 15 min in a 37 °C water bath. After termination of digestion, the mixture was filtrated
through a 100 pm strainer and centrifuged. The cell pellet was resuspended in M199 culture
medium containing 10% fetal bovine serum, 100 pg/mL penicillin, and streptomycin and
cultured in 6-well plates at 27 °C in a 5% CO, atmosphere.

The cell viability was detected with a Cell Counting Kit-8 (Biosharp, Hefei, China).
Intestinal epithelial cells (1 x 10%) were seeded in 96-well plates and treated with TP (10, 20,
40, 80, 160, 320 pg/mL) for 48 h. The CG received 0.1% DMSO (v/v). Furthermore, 10 uL
of Cell Counting Kit-8 solution was added to each hole and incubated at 37 °C for 1 h. The
absorbance was detected at a wavelength of 450 nm. Relative cell viability was displayed
as an absorbance value relative to the control. The viability of primary intestinal epithelial
cells could reach more than 90% after being treated with 160 pg/mL TP (Figure S1). Then,
160 pg/mL TP was used for subsequent experiments. LPS (30 pg/mL) concentrations were
determined according to previous studies [20].

2.4. Histopathology Observation

The intestinal tissue was fixed with 4% glutaraldehyde and then removed, dehydrated
in graded ethanol, permeabilized in xylene, embedded in paraffin, and sectioned into
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5-micrometer-thick slices. The slices were stained with H&E and observed with a micro-
scope (Olympus, Tokyo, Japan).

2.5. Real-Time Quantitative PCR

The total RNA of intestinal tissue and cells were extracted by the Trizol method. A UV
spectrophotometer was used to measure the concentration of total RNA. After normalizing
the concentration, the RN A was reverse transcribed to cDNA and stored at —20 °C. Primers
(Table S1) were designed with Primer 5.0 software, and sequence specificity was verified
through BLAST analysis. The expressions of target genes were detected by qPCR, using
GAPDH as the housekeeping gene. The reaction mixture had a volume of 20 uL, and the
reaction conditions were as follows: denaturation at 94 °C for 30 s, annealing at 55 °C for
30 s (for 40 cycles), and extension at 72 °C for 5 min. The data were treated with a 2-AACt
relative expression method.

2.6. ELISA Assay

The expression levels of lysozyme (LZ), alkaline phosphatase (ALP), complement
component 3 (C3), complement component 4 (C4), immunoglobulin T (IgT), immunoglob-
ulin D (IgD), and immunoglobulin M (IgM) were detected by ELISA kits (Mmbio, China).
ELISA kits purchased from Andy Gene (Beijing, China) were used to detect the levels
of interleukin-6 (IL-6), interleukin-1f3 (IL-1), and tumor necrosis factor-« (TNF-x). The
intestinal tissue was homogenized in precooled PBS at a ratio of 1/9 (w/v) and centrifuged
at 7500 rpm for 15 min. Then, the supernatant was collected, and the remaining operations
were carried out by the instructions of ELISA kits. A microplate reader was used to detect
the absorbance at a wavelength of 450 nm.

2.7. Western Blotting Assay

The intestinal tissue and cells were homogenized in lysis buffer at a ratio of
1/9 (w/v). The supernatant was collected by centrifugation after remaining on ice for
30 min. The protein concentration was determined by the BCA kit, adjusting to 5 ug/pL.
Protein samples were separated by appropriate concentrations of SDS-PAGE (Servicebio,
Wuhan, China) at 80 V for 30 min and 120 V for 60 min and transferred to NC mem-
branes at 200 mA. The NC membranes were blocked in 5% skimmed milk for 2 h at room
temperature and incubated with the primary antibody (Table S2) at 4 °C overnight. The
corresponding secondary antibodies were used to incubate for 2 h at room temperature. Fi-
nally, the BCL luminescent solution was used to observe the membranes, and gray analysis
was performed.

2.8. Protein—Protein Interaction (PPI) Analysis and Radar Plot

To explore the link between intestinal immune molecules and tight junctions, the
STRING database was used to establish a PPI network. This database provides possible
potential interactions between the encoded proteins. Enter the name of related genes or
proteins, and the website will display the interaction of the related proteins [21].

Radar plot is a simple multivariate graphic method. It allows the visual integration of
measured biomarkers. The data of multiple indexes are mapped to coordinate axes, which
start from the same center point and end at the periphery of the circle. Connecting the
points of the same treatment group forms a radar plot [22]. Hiplot tools were used to create
a radar plot in this study [23].
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2.9. Statistical Analysis

All data in this experiment were analyzed with GraphPad Prism 8.0.1 and SPSS 26.0
software. The experiments were repeated at least three times. Shapiro-Wilk was used to
test the normal distribution of the data, and Brown-Forsythe was used to perform the
homogeneity of variance. The data were performed as the mean =+ standard deviation
(mean £ SD). A one-way analysis of variance (ANOVA) was performed to analyze the
differences between groups. Furthermore, p < 0.05 indicates significant differences.

3. Results
3.1. TP Relieves LPS-Induced Intestinal Tissue Damage

Common carp were given different treatments after seven days of adaptive feeding.
Four groups were set up to observe whether TP has positive effects on the intestines under
LPS challenge (Figure 1A). Histopathological staining was used to assess tissue damage,
and the results are shown in Figure 1B. The intestinal mucosa was intact, and the villi were
arranged in order in the CG and TP groups. Severe intestinal injury occurred in the LPS
group, including loss and abscission of intestinal villi. Remarkably, the TL group showed
a complete histological structure, and the intestinal villi were intact. Moreover, intestinal
morphology indexes were also detected. The mucosal fold height and muscular layer
thickness of the LPS group were significantly lower, which were increased in the TL group

(Figure S2).
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Figure 1. Effects of dietary TP on the intestinal pathological damage challenge by LPS in common
carp. (A) Schematic diagram of the grouping and treatment on common carp. (B) Histopathological
staining on the intestines of common carp. a represented the height of the mucosal fold, and b
represented the thickness of the muscular layer. The scale bars were 100 um and 20 um.

3.2. TP Enhances the Intestinal Immune Ability

In response to stimulation, the intestinal immune system could be activated via
increasing amounts of immune index, such as LZ, ALP, C3, C4, and Igs [24]. Figure 2 shows
the changes in immune index after TP and LPS treatment. The mRNA levels of mucin-2
(muc-2), ALP, LZ, C3, C4, IgT, IgD, and IgM were increased in the TL group compared with
that in the LPS group (Figure 2A). The enzyme activity of ALP and LZ was significantly
increased after LPS stimulation than in the CG. However, the TP group showed higher
enzyme activity than the LPS group (Figure 2B,C). LPS stimulated the levels of C3 and
C4, with further increasing levels of C3 and C4 in the TL group (Figure 2D,E). Moreover,
the levels of IgT, IgM, and IgD have different degrees of increase after LPS treatment
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compared to the CG; the TL group showed higher levels of Igs compared with the LPS
group (Figure 2F-H). These results indicated that TP promoted the immune ability in the
intestines of common carp.
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Figure 2. Effects of TP on the intestinal immunity parameters in common carp. (A) The mRNA levels
of muc-2, ALP, LZ, C3, C4, I3T, IgD, and IgM in intestinal tissue. (B,C) The enzymatic activity of
ALP and LZ in intestinal tissue. (D-H) The protein expression levels of C3, C4, IgT, IgD, and IgM in
intestinal tissue. * p < 0.05, ** p < 0.01, ** p < 0.001, ns p > 0.05.

3.3. TP Relieves LPS-Induced Intestinal Inflammatory Injury

The inflammatory cytokines of the intestines and cells were detected by qPCR and
ELISA. Compared with the CG, LPS significantly increased the mRNA expression levels
of IL-6, IL-1B, and TNF-«. On the contrary, the TL group decreased the mRNA expression
levels of these pro-inflammatory factors compared with the LPS group in intestinal tissue
and cells (Figure 3A-F). The protein expression level of pro-inflammatory factors was
consistent with the mRNA expression levels (Figure 3G-L). These results showed that TP
alleviated the intestinal inflammatory injury caused by LPS in common carp.
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Figure 3. Effects of TP on LPS-induced intestinal inflammatory injury in common carp. (A-C) The
mRNA levels of IL-6, IL-13, and TNF-« in intestinal tissue. (D-F) The mRNA levels of IL-6, IL-1, and
TNF-u in intestinal epithelial cells. (G-I) The protein expression levels of IL-6, IL-13, and TNF-« in
intestinal tissue. (J-L) The protein expression levels of IL-6, IL-1§3, and TNF-« in intestinal epithelial
cells. * p < 0.05,** p < 0.01, *** p < 0.001, ns p > 0.05.
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3.4. TP Inhibits LPS-Induced Activation of the TLR2/NF-xB Pathway

To detect whether TP interacted with TLR2, the AutoDock tool was used to build
the model of the TP-TLR2 complex through homology modeling and ligand docking.
As shown in Figure 4A, TP mainly interacts with TLR2 through hydrogen bonds. TP
formed hydrogen bonds with GLY-334, with hydrogen bond lengths of 1.9 A and 2.0 A.
The binding energy of TP and TLR2 was —7.9 kcal/mol, which proved that TP had a
strong binding activity with TLR2. Subsequently, the expression levels of inflammatory
pathway-related factors were detected. The mRNA levels of TLR2, MyD88, NF-xB p65, and
IxBua increase remarkably after being treated with LPS compared with the CG in tissue and
cells. However, these indicators significantly decreased in the TL group (Figure 4B,C). The
protein expression levels of TLR2, MyD88, p-p65, and p-IkBx showed a similar trend with
mRNA levels (Figures 4D,E and S3). These results indicated that TP significantly inhibited
the activation of the TLR2/NF-«B pathway.

cc TP LPS TUJ

b €6 TP LPS TL c CG_ TP LPS TL(9)
pIkBa pIkBa

pos [ - o5

P985 poos (B o |
woss oee
TRz TR

=CG6

s

Y

Relative protein expression

Relative protein expression

=
s

plkBa p-p65 MyD88 plkBa pp65 MyD88 TLR2

TLRZ2

Figure 4. Effects of TP on the TLR2/NF-kB pathway in the intestines of common carp. (A) Molecular
docking was used to detect the interaction between TP and TLR2. (B) The mRNA levels of TLR2,
MyD88, NF-«B p65, and IxBu in intestinal tissue. (C) The mRNA levels of TLR2, MyD88, NF-xB
p65, and IxBa in intestinal epithelial cells. (D,E) The protein expression levels of p-IkBx, p65, p-p65,
MyD88, and TLR2 in intestinal tissue and cells. * p < 0.05, *** p < 0.001, ns p > 0.05.

3.5. TP Relieves LPS-Caused Destruction of Tight Junction

The PPI network showed a close association between intestinal immune factors and tight
junctions (Figure 5A). Subsequently, the mRNA levels of tight junction-related factors were
examined. The mRNA levels of claudin-1, claudin-2, claudin-5, occludin, ZO-1, and ZO-3 were
decreased in the LPS group compared with the CG. The TL group increased the mRNA levels
of these genes compared with the LPS group in tissue and cells (Figure 5B,C). The expression
levels of occludin and claudin-1 showed similar trends as the mRNA levels (Figures 5D,E
and S3). The MLCK-MLC pathway played a pivotal role in the tight junction of the intestines.
In this study, LPS significantly increased the mRNA levels of MLCK and MLC, which were
significantly decreased in the TL group (Figure 5B,C). The expression levels of p-MLC were
consistent with the trend in the mRNA levels (Figure 5D,E). These results indicated that TP
protected the tight junction in the intestines of common carp.
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Figure 5. Effects of TP on the intestinal tight junction parameters in common carp. (A) The PPI network
between intestinal immune factors and tight junctions. (B) The mRNA levels of claudin-1, claudin-2,
claudin-5, occludin, ZO-1, ZO-3, MLC, and MLCK in intestinal tissue. (C) The mRNA levels of claudin-1,
claudin-2, claudin-5, occludin, ZO-1, ZO-3, MLC, and MLCK in intestinal epithelial cells. (D,E) The protein
expression levels of p-MLC, occludin, and claudin-1. ** p < 0.01, ** p < 0.001, ns p > 0.05.

3.6. Radar Plot Analysis of TP on the Mechanism of LPS-Induced Intestinal Injury

A radar plot was used to visually integrate biomarkers that were detected in this study.
Biomarkers accounted for a large proportion of inflammation and tight junction disruption-
related pathways in the LPS group. However, biomarkers were mainly concentrated in
immune factors and tight junction proteins in the TL group (Figure 6). These results showed
that TP activated intestinal immunity and protected intestinal tight junctions to alleviate
intestinal injury.
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Figure 6. Radar plot of TP on the multiple biomarkers of intestinal damage in common carp. The
data of the intestinal immune barrier, inflammation, and tight junction are mapped to coordinate axes,
which start from the same center point and end at the periphery of the circle. Orange represents the
CG; purple represents the TP group; red represents the LPS group; and blue represents the TL group.
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4. Discussion

Tea polyphenol, absorbed through the intestine, has great potential in aquaculture.
TP can regulate defense mechanisms to indirectly maintain host health [25]. Studies have
demonstrated the immunomodulatory effects of tea on fish, such as Oncorhynchus mykiss,
Labeo rohita, and Epinephelus bruneus [26-28]. LPS plays an important role in pathological
damage, inflammation, and immune activation in fish [29]. Therefore, this study estab-
lished an LPS-induced intestinal injury model to explore the protective effect of TP on the
intestines of common carp. H&E results showed that LPS caused severe histopathological
damage in the intestine, manifested as shortening and fragmentation of intestinal villi
and reduction in muscular layer thickness. TP significantly relieved the intestinal injury,
showing intact intestinal villi. Mucosal fold height and muscular layer thickness were
significantly higher than those of the LPS group. These results indicated that TP could
alleviate LPS-induced intestinal tissue injury.

The immune function of the intestines occupies a key position in the immune defense
of teleost. The immune system can directly or indirectly affect muc-2 expression [30]. In
this study, LPS induced a decrease in intestinal muc-2 gene expression, while TP could
promote the expression of this gene. TP can increase LZ and ALP levels and play an
immunostimulatory role in hybrid groupers [15]. Studies have pointed out that dietary
Camellia sinensis increases the mRNA level of LZ to enhance the fish’s immune system [26].
In this study, TP treatment significantly increased the expression levels of LZ and ALP,
which is consistent with the above studies to a certain extent. Complement is an important
component in fighting microbial organisms. C3, the central mediator of the complement
system, plays an immune surveillance role [31]. This study found that the addition of TP
significantly increased the expression levels of C3 and C4, suggesting that TP stimulates
the body to resist LPS challenge. Previous studies have shown that dietary Jasonia glutinosa
increases the levels of [gM and complement activity in body fluids to stimulate the immune
activity of gilthead seabream [32]. In this study, the TL group significantly increased the
expression level of IgM, IgD, and IgT, suggesting that TP activated intestinal mucosal
immunity. This study reported that TP can improve the immune capacity by regulating the
innate and adaptive immune responses in the intestines of common carp.

Inflammatory response and immune regulation are two closely related processes that
work together to maintain the stability of the body’s internal environment. Cytokines
are playing an important role in regulating intestinal barrier function and intercellular
interaction in the intestinal immune system [33]. This study found that TP inhibited the
expression levels of inflammatory factors TNF-«, IL-6, and IL-13, which were increased by
LPS. TLRs are major components in the regulation of innate and adaptive immunity [34].
Studies have shown that dietary citrus flavonoids improve immune function by regulating
TLR2/NF-kB signaling [35]. Since we found that TP could increase the level of intestinal
immunity and inhibit the secretion of inflammatory factors, we hypothesized that TP might
exert an immunomodulatory effect by binding to TLR2. Molecular docking showed that
the binding energy of TP and TLR2 was —7.9 kcal/mol, indicating that they had strong
binding activity. Moreover, the mRNA and protein levels of TLR2 were inhibited by TP
in this study. Some studies have found that LPS stimulates NF-kB activation through the
TLR2/MyD88 pathway [36]. In this study, LPS also activated the TLR2/MyD88/NF-«kB
pathway to cause an intestinal inflammatory response. However, TP can significantly
inhibit the expression of related proteins, thereby exerting a protective effect. Previous
studies have shown that epigallocatechin-3-gallate, the active component of TP, down-
regulates NF-kB and TLR signaling to inhibit the production of inflammatory cytokines [37].
The results suggested that TP alleviates LPS-induced intestinal inflammation injury by
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inhibiting the TLR2/NF-«B pathway. Additionally, the PPI network showed that intestinal
immune-related factors were closely associated with tight junctions. NF-«B affects the tight
junction barrier by regulating MLCK/p-MLC [38]. Studies have shown that Scytosiphon
lomentaria fucoidan inhibits the TLR4/NF-kB/MLCK pathway to improve tight junction
protein levels, protecting tight junction integrity in dietary fiber-deficient mice [39]. In this
study, TP inhibited LPS-induced the expression of MLCK and p-MLC. Studies have pointed
out that luteolin alleviates ethanol-induced tight junction destruction by inhibiting NF-kB
nuclear translocation, activating MLCK, and promoting MLC phosphorylation [40]. TP
can inhibit TLR4/MLCK signal transduction and protect the pulmonary tracheal epithelial
tight junction [41]. MLCK is a key component in regulating tight junction proteins. The
upregulation of MLCK can inhibit the mRNA levels of claudins, ZO-1, and occludin [42].
This study revealed that TP alleviated LPS caused by the downregulation of claudins,
occludin, and ZO-1 in intestinal tissue and cells. Similar to the present study, dietary TP
could inhibit the expression of MLCK and promote the expression of tight junction factors
to protect the intestines in the yellow drum [43]. This study found that TP significantly
inhibited LPS-induced activation of the NF-«B/MLCK signal to alleviate the disruption of
tight junctions in intestinal tissue and cells.

5. Conclusions

TP alleviated LPS-induced intestinal injury, protecting the intestinal integrity of com-
mon carp. TP could bind to TLR2 to inhibit the expression of NF-«B, activating the intestinal
immune capacity. TP further prevented LPS-induced disruption of tight junctions by in-
hibiting NF-xB/MLCK signal activation. Our study could be valuable for understanding
the protective effects of TP on the fish intestines, which supports the regular addition of TP
to the diet of fish.
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Simple Summary: Zearalenone (ZEA) is a mycotoxin that widely contaminates feed.
Glycyrrhizin acid (GA) is a traditional Chinese medicine extract of licorice. This study found
that GA could alleviate the damage to chicken glands and stomachs caused by ZEA in vivo,
reduce the levels of oxidative stress in the body, and reduce the number of instances of
apoptosis and programmed necrosis. GA may inhibit apoptosis and programmed necrosis
mediated by inflammation through the NFkB pathway and protect the glandular gastric
tissue. These results provide indirection for toxicological studies of ZEA and therapeutic
effects of GA and help further explore the toxic effects of mycotoxins on the digestive tract.

Abstract: Zearalenone (ZEA) is a kind of mycotoxin that widely contaminates food and
feed and poses a threat to poultry farming. As a natural extract, glycyrrhizin acid (GA) has
antioxidant, antibacterial, and anti-inflammatory effects. Although studies have revealed
the toxic effects of ZEA on the liver, the mechanism by which GA reduces ZEA’s toxic
protective glandular stomach remains unclear. In order to study the therapeutic effect of
GA on tissue damage caused by ZEA, we conducted in vivo and in vitro experiments to
compare the expression of inflammation, oxidative stress, apoptosis, and necrosis. The
results showed that ZEA can induce inflammation in tissues and cells, inducing apoptosis
and necrosis. In addition, GA can alleviate the toxic effects caused by ZEA and protect cells.
Dietary GA significantly increased the antioxidant capacity of glandulae and inhibited the
overexpression of NFkB/IkB-a and its mediated inflammatory response. Moreover, GA
decreased the expression of pro-apoptotic factors and necrosis factors, thereby alleviating
apoptosis and necrosis of chicken glandular stomach cells. At present, the mechanism
of ZEA damage to livers and lungs has been confirmed by studies. However, there have
been no studies on GA alleviating the damage caused by ZEA to the glandular stomach.
Therefore, the purpose of this study was to explore the mechanism of GA alleviating the
damage caused by ZEA in the glandular stomach through in vivo and in vitro experimental
comparison. The results may provide some reference for the solution of feed contamination.

Keywords: zearalenone; glycyrrhizic acid; inflammation; oxidative stress; apoptosis; necrosis

1. Introduction

Zearalenone, a mycotoxin [1,2], widely pollutes various grains around the world,
such as wheat, barley, corn, sorghum, rye, rice, and other grains and feeds [3]. ZEA
causes varying degrees of harm to humans and animals [4] by changing the morphology
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and function of tissues and organs. The toxic effects of ZEA can also be aggravated in
combination with other toxins [5]. ZEA impairs intestinal integrity and function, leading
to pathological symptoms and tissue damage [6]. ZEA is widely absorbed by mice, pigs,
poultry, and humans through the oral consumption of contaminated grains, foods, and
feeds. Studies have shown that ZEA is rapidly absorbed through the gastrointestinal tract
after oral ingestion. Feed contamination has been shown to cause intestinal inflammation
and cecum injury in pigs [7,8], and a ZEA-contaminated diet was shown to reduce rumen
PH and impair their function [9,10]. ZEA is widely distributed in various tissues and
organs of animals and is slowly metabolized to clear the body. In addition, ZEA can be
deposited in animals or animal products through feed and continue to cause harm [11].

The nutritional value of feed contaminated with mycotoxin is greatly reduced, which
affects animal health, can cause tissue inflammation, and reduces antioxidant enzyme
activity. ZEA, as an estrogen toxoid, affects the expression of inflammatory factors in
poultry serum and ROS expression in vivo [12,13]. Studies have shown that ZEA induces
apoptosis and inflammation of jejunal epithelial cells, leading to jejunal tissue damage [14].
Feeding low-dose ZEA-contaminated feed for a long time can cause intestinal inflamma-
tion in piglets. Diets contaminated with a high dose of ZEA can affect the antioxidant
capacity of IPEC-J2 cells in the small intestine of pigs, resulting in ROS accumulation
and mitochondrial apoptosis [15]. ZEA can induce hepatocyte apoptosis and affect liver
function by activating the NF«kB-signaling pathway by regulating inflammation-related
factors [16-18]. Feeding chickens with different levels of ZEA contamination, we found
that ZEA exposure significantly increased malondialdehyde (MDA) levels and inhibited
catalase (CAT) activity, suggesting that ZEA induces tissue damage in chicks by regulating
oxidative stress [19]. The results show that T-2 toxin can significantly affect the activity of
digestive enzymes, causing intestinal mucosal inflammation, necrosis, and other symptoms.
It enters the gastrointestinal tract through the mouth and begins to regulate genes involved
in oxidative stress, inflammation, apoptosis, cancer, and other related genes, resulting in
glandular and gastric damage [20].

At present, no specific medicine exists for damage caused to poultry by feed contami-
nation by ZEA. Licorice is derived from the roots and rhizomes of the licorice plant and
shows good antioxidant, antifungal, and anti-inflammatory effects, making it a widely
developed Chinese medicine therapeutic agent. Glycyrrhizin, a compound extracted from
licorice root, is one of licorice’s most potent therapeutic ingredients [21,22]. GA mainly
inhibits the expression of the nuclear factor kappa B (NFkB) pathway and then inhibits the
encoding of important genes such as inflammatory cytokines, anti-apoptotic factors, and
anti-necrosis factors so as to achieve anti-inflammatory effects. To date, no studies have
been conducted on GA alleviating the damage caused by ZEA to the body. Therefore, this
study mainly describes the mechanism of ZEA damage to the chicken glandular stomach
and how GA alleviates panapoptosis caused by ZEA in the body, providing a certain
reference for a solution to feed contamination.

2. Materials and Methods
2.1. Animals and Groups

Animal experiments were conducted in accordance with the guidelines of the Animal
Care and Use Committee of Northeast Agricultural University. Fifty 7-day healthy chickens
were randomly divided into five groups: the control group (Con group), the ZEA group,
the ZEA+LGA group, the ZEA+MGA group, and the ZEA+HGA group. Each chicken is
kept in a separate cage. The control group (Con) was fed common chicken feed and water.
Chicken feed is bought commercially. It is composed of corn, soybean meal, bran, calcium
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bicarbonate, and sodium chloride. The feed does not contain fungal inhibitors. The feed
purchased is verified by the kit to be ZEA-free. The ZEA group was fed 2 mg/kg of ZEA
and ordinary chicken feed every 24 h. ZEA and GA were acquired from Shanghai Aladdin
Biochemical Technology Co., LTD (Shanghai, China). The ZEA+LGA group was provided
2 mg/kg of ZEA every 24 h, and the chickens were fed diets containing 50 mg/kg of GA.
The ZEA+MGA group was provided 2 mg/kg of ZEA every 24 h and fed chicken feed
with 100 mg/kg of GA content. The ZEA+HGA group was provided 2 mg/kg of ZEA
every 24 h, and the chickens were fed diets containing 150 mg/kg of GA. ZEA is mixed
with feed. The stability of ZEA intake is ensured by maintaining the daily feed intake of
each chicken. All the chickens were allowed free access to food and water and were kept at
room temperature. After 21 days of exposure to ZEA, all animals were anesthetized and
killed. We collected glandular gastric tissue. Part of the fresh glandular gastric tissue was
fixed using paraformaldehyde. Other glandular gastric tissues were quickly cryogenically
preserved in liquid nitrogen for subsequent analysis.

2.2. Histopathology Staining

The glandular stomach tissue was fixed with 4% paraformaldehyde, and 4 um sec-
tions were prepared by embedding the tissue with paraffin wax. After dewaxing the
sections, they were stained with hematoxylin for 5 min, rinsed with eosin for 3 min, and
sealed with neutral glue after dehydration. The slices were then observed under a mi-
croscope (digital tissue section scanner, 3DHISTECH, Budapest, Hungary), and stained
images were obtained using an image acquisition system (CaseViewer2.4, 3DHISTECH,
Budapest, Hungary).

2.3. Cell Isolation Culture

Several chicken embryo glandular stomachs were isolated under sterile condition,
and 0.25% trypsin was digested at 37 °C for 10 min. Digestion was terminated with
DMEM (HyCyte, Suzhou, Jiangsu, China) containing 10% fetal bovine serum (FBS, HyCyte,
Suzhou, Jiangsu, China). Use 0.1% type II collagenase for digestion for another 10 min.
Then, DMEM containing 10% FBS was added to terminate digestion. Finally, the cells were
resuspended in DMEM containing 10% FBS and uniformly inoculated into T25 cell vials.
The new paper was placed horizontally in an incubator at 37 °C and 5%CO; for culture.
Then, 0.25% trypsin and 0.1% type II collagenase were purchased from Shanghai Biyuntian
Biotechnology Co., Ltd. (Shanghai, China). Control group (Con): the glandular gastric
epithelial cells were cultured normally. ZEA group: the cells were cultured with 2 uM of
ZEA. ZEA and low-dose GA co-treatment group (ZEA+LGA): the cells were cultured with
2 uM ZEA and 50 uM GA. ZEA and medium-dose GA co-treatment group (ZEA+MGA):
the cells were cultured with 2 uM of ZEA and 100 uM of GA. ZEA and high-dose GA
co-treatment group (ZEA+HGA): the cells were cultured with 2 uM of ZEA and 150 uM
of GA.

2.4. TUNEL Analysis

The paraffin sections were dewaxed twice for 10 min, before and after, and then
hydrated with a high-to-low concentration of ethanol solution. ProteinaseK working fluid
was used to permeate sections to promote TUNEL working fluid penetration into the
cells [23]. Finally, TUNEL working solution was used to observe the apoptosis of cells in
the tissues under a fluorescence microscope.
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2.5. Reactive Oxygen Species (ROS) Detection

The cells were cultured in groups, washed with PBS, and diluted. Then, a DCFH-DA
probe was added, and the cells were incubated at 37 °C away from light for 30 min and
then washed with PBS after discarding the solution. Fluorescence intensity was observed
under a fluorescence microscope [24]. The ROS kit was acquired from Nanjing Jiancheng
Biotechnology Co. (Nanjing, China).

2.6. Antioxidant Enzyme Detection

A total of 0.1 g of chicken glandular stomach tissue was weighed, 1 mL of normal
saline was added, the mixture was ground to a homogenate at 4 °C and centrifuged at
4000 rpm at 4 °C for 15 min, and the supernatant was obtained. A total of 1 mL of PBS-
suspended cells was then ground at 4 °C and centrifuged at 4000 rpm for 15 min to obtain
a supernatant. MDA content was determined via the TBA method, SOD activity was deter-
mined via the hydroxylamine method, CAT activity was determined via the ammonium
molybdate method, T-AOC activity was determined via the colorimetric method, and GSH-
PX activity was determined via the enzymatic reaction method. All procedures followed
the instructions of the operations conducted at Nanjing Jiancheng Co., Ltd., Nanjing, China.

2.7. ELISA

An ELISA kit (Meimian, Yancheng, Jiangsu, China) was used to detect the production
of inflammatory factors IL-6, IL-10, IL-13, and TNF-oc in chicken glandular stomach tissue;
0.1g of tissue was weighed and ground with 1 mL of pre-cooled PBS; cells were collected
and suspended with PBS; and the tissue and cells were thoroughly ground with a Tissue
Lyser. Centrifugation took place at 4000 rpm for 15 min. Then, the kit instructions were
followed for the test. OD values were measured at 450 nm using an enzyme-labeled
instrument. The protein concentration of each factor in the sample was calculated by
drawing a standard curve.

2.8. gRT-PCR

The mRNA expression level was detected via qRT-PCR. RNA from chicken glandular
stomach tissues and cells was extracted using Trizol (Invitrogen, Carlsbad, CA, USA),
and reverse transcription was conducted with the first-strand cDNA synthesis kit (Bioer
Technology, Hangzhou, China). The target genes were amplified with a 20 puL system (1 pL
of cDNA, 10 pL of 2xSYBR Green PCR premix, 3.4 uL of water without RNase, 0.4 puL
of a forward primer, and 0.4 puL of a reverse primer), and the total number of cycles was
40. Subsequently, qPCR analysis was conducted on a Light Cycler@480 System (Roche,
Basel, Switzerland) following the BioEasy Master Mix kit instructions. With GAPDH as the
internal reference gene, the calculated result is expressed as 272!, and the primers used
in this experiment are shown in Table 1.

Table 1. Primer sequences for real-time PCR amplification.

Name Primer Sequence Forward (5'-3') Primer Sequence Reverse (5'-3')
Caspase? AAATGAACACGGAAAACAAC TTCTGTCTGGCTTTGCATC
Caspase9 CTCGTGGTCATCCTCTCCCAT CCTCTCAAACTCGGGCACTGG

Bcl2 GAGTTCGGCGGCGTGATGTG CTCGGTCATCCAGGTGGCAATG
Bax ACTCTGCTGCTGCTCTCCTCTC ATCCACGCAGTGCCAGATGTAATC
Caspase3 AGCAGACAGTGGACCAGATGAAAC GGCGTGTTCCTTCAGCATCCTAC
Caspasel GGGCTGGCAGGACTCTGATAGG TCTCTCCCGTGGCTGGTATATGTC
NLRP3 GCTCCTTGCGTGCTCTAAGACC TTGTGCTTCCAGATGCCGTCAG
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Table 1. Cont.

Name Primer Sequence Forward (5'-3') Primer Sequence Reverse (5'-3')
ASC CCAGCAAAGCCTCCGCCAAG CAGCAATCCAGCCACCTCATACG
NF«B GCTCACAAAGGCAGTCTCACCAG AGGTCTCTACGCCGCTGTCAC
IkB-oc TGGCGATCATTCACGAGGAAAAGG GTICTGGCTGAGGTTGTTCTGGAAG
RIPK1 GCCTGTTGAGAGCTGTGAGACTTC AGGGGTGTATGGTGGAACTACTGG
RIPK3 CCCTCCATTCACTCATCCACAAGC GCAGTGGCAGTCAGCAGGAAG
MLKL TGCGAGCACCGATACCAGGAG TCCAGGTCAGCCAGCAAGTCC
GAPDH CAGAACATCATCCCAGCGTCCAC CGGCAGGTCAGGTCAACAACAG

Caspase?, Cysteine-aspartic acid protease 7; Caspase9, Cysteine-aspartic acid protease 9; Bcl-2, B-cell lymphoma 2;
Bax, Bcl-2-associated X Protein; Caspase3, Cysteine-aspartic acid protease 3; Caspasel, Cysteine-aspartic acid pro-
tease 1; NLRP3, Nucleotide-binding oligomerization domain-like receptor protein 3; ASC, Apoptosis-associated
speck-like protein containing a CARD; NF«kB, Nuclear Factor kappa-light-chain-enhancer of activated B cells;
IkB-«, Inhibitor of kappa B-o; RIPK1, Receptor-Interacting Protein Kinase 3; RIPK1, Receptor-Interacting Protein
Kinase 3; MLKL, Mixed Lineage Kinase Domain-Like; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; F,
forward; R, reverse.

2.9. Western Blotting

Protein was extracted from glandular stomach tissue and cells and then ground. The
concentration of histamine was determined and adjusted following the BCA (Beyotime,
Shanghai, China) method. The supernatant was obtained from chicken gastric epithelial
cells via ice lysis for 30 min and centrifugation at 4 °C 12,000 rpm for 10 min. The cell
protein concentration was measured following the BCA method and then allowed to level
out. The protein samples were separated via 12% SDS-PAGE and transferred to an NC
membrane (Sigma, Mannheim, Germany). After 5% skim milk was sealed for 2 h, the NC
film was placed in the primary antibody and incubated at 4 °C overnight. After TBST
cleaning, the membrane was incubated in the secondary antibody for 1 h away from light.
The image was exposed and retained with ECL luminescent solution (Gibco, Baltimore, ML,
USA) and analyzed with Image] (National Institutes of Health, Bethesda, MD, USA) [25].

2.10. AO/EB

The apoptosis and necrosis of chicken glandular gastric epithelial cells were detected
via the AO/EB method. AO and EB were added 1:1 to ImL of PBS, and 200 uL. were added
to each well of the cell plate and stained in the dark for 10 min. Images were obtained by
fluorescence microscopy [26].

2.11. Statistical Analysis

All data are presented as standard deviation (SD) & mean, and at least three biological
replicates were performed for all experiments. Group differences were analyzed by one-

1

way analysis of variance (ANOVA) using GraphPad Prism software 9.0. “*” indicates that

a p-value < 0.05 is considered significant.

3. Results
3.1. GA Alleviates ZEA-Induced Tissue Damage and Oxidative Stress

A histological examination with HE staining (Figure 1A) showed that the glandular
gastric villi were arranged regularly and that the glandular gastric structure was complete
in the Con group. In contrast, the ZEA group showed villi breakage and the presence of
many inflammatory cells. GA gradually restored villi arrangement and structural integrity
in a dose-dependent manner, but a small amount of inflammatory infiltration and villi
breakage still occurred. In order to investigate whether GA can participate in oxidative
stress and reduce the effect of ZEA on chicken glandular stomach, ROS and antioxidant
enzyme activities in chicken glandular stomach were detected in this experiment. ZEA
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caused a significant increase in ROS levels, while the ZEA-induced ROS levels decreased
after GA intervention (p < 0.001) (Figure 1B). MDA is a marker of lipid peroxidation, and
the production of MDA significantly increased under the effects of ZEA, while the level
of MDA significantly decreased under the effects of GA (p < 0.001) (Figure 1C). With the
increase in GA dose, the activities of CAT, SOD, GSH-PX, and T-AOC increased significantly,
while ZEA decreased the activities of the above antioxidant enzymes (Figure 1D-G).
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Figure 1. GA alleviates the effects of histological damage and oxidative stress caused by ZEA. (A) HE
staining of chicken glandular stomach sections in the control group and at different GA concentrations.
(B—G) Effects of control group and different concentrations of GA on oxidative stress in glandular
gastric tissue of chickens (1 = 10). * Means with different superscripts within the same column differ
(p < 0.05). *** Means with different superscripts within the same column differ (p < 0.005). **** Means
with different superscripts within the same column differ (p < 0.001).

3.2. GA Relieved ZEA-Induced Interstitial Inflammation

In order to investigate the mechanism of the inflammatory response induced by
ZEA in the chicken glandular stomach and the alleviating effect of GA, the expression of
the inflammatory cytokine IL-6, IL-10, IL-1p, and TNF-a genes was detected (Figure 2A).
After exposure to ZEA, the mRNA levels of IL-6, IL-1B, and TNF-« increased, while the
expression of IL-10 mRNA decreased. Furthermore, the mRNA levels of inflammatory
factors IL-6, IL-1B, and TNF-«a decreased and the mRNA levels of IL-10 increased after
the application of GA. At the protein level, the expression of inflammatory cytokines
was consistent with the trend for their mRNA levels. In the ZEA group, the expression
of IL-6, IL-1p3, and TNF-« significantly increased, while the expression of IL-10 protein
decreased. After GA intervention, the expression of IL-6, IL-13, and TNF-« significantly
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decreased, while the expression of IL-10 significantly increased (p < 0.001) (Figure 2B-E).
In order to further examine whether the NF«kB/IkB-«-signaling pathway participates in
the mechanism behind how GA alleviates glandular gastric inflammation in chickens,
the expression of the signaling pathway genes and proteins was detected. ZEA exposure
significantly increased the mRNA levels of NLRP3, ASC, Caspasel, NFxB p65, and IxB-a.
However, the mRNA levels of NLRP3, ASC, Caspasel, NFxB p65, and IxB-a decreased when
GA was added to the feed (Figure 2F). The protein expression of the NFkB/IkB-o-signaling
pathway was similar to its mRNA expression. Compared with the ZEA exposure group,
the group in which GA was added significantly reduced the protein expression of NLRP3,
ASC, Caspasel, p-NF«B p65, and IkB-« (p < 0.05) (Figure 2H-L).

B (8
A EEE EEE
1 3 60 e
f H tnt tttt
IL-6 0 H H
4 g 5-'°°
H ]
IL-10 H £
£ 20 £ 0
IL-1p 2 : 0
P + + + 4+ A
6 + o+ + G
TNF-a -
D E
. N\ </ i'w e ;1500 sees  Saes
Con ZEA  ZEA  ZEA  ZEA § §
*LGA  4MGA  +HGA Lio | {1000 r
: £
. i !
§ 50 £ 500
NLRP3 = §
2 0 z o
2 + + + + + + + +
ASC A e + + o+ -+ o+ 4+
Caspasel I
23
NFxB(p65) j: 228 ERER
z A -
IxB-a %, g 20 )
£ £
é % 1.5 )
ZEA  ZEA gy i 310
+LGA &
+MGA +HG-\ 5 §0_5
H
] 0.0
ZEA m - + + + +
G
ZEA - + 6 + + + G + + o+

GA - -

.

+ + + = =
L I
L L L K L

23 EEE 20 EEE . -
K i g 2.5 -
<
& £ H
%E 1.0 Al o
£ :
s L% o0s 2 0s
— ) : ’
= . 2 oo + + + +
m 3 4 e 2 + + + + A -

Figure 2. Effects of ZEA exposure and GA on glandular gastric inflammation and the
NFkB/IkB—«—signaling pathway in chickens. (A) mRNA levels of IL-6, IL—10, IL—1p, and TNF-«
(n = 3). (B) Protein expression of IL-6 (1 = 10). (C) Expression of IL—10 protein (n = 10). (D) Protein
expression of IL—1f (n = 10). (E) Protein expression of TNF-o (1 = 10). (F) mRNA levels of NLRP3,
ASC, Caspasel, NFxB p65, and IkB—a (n = 3). (G) Western blot images of proteins associated with
the NF«kB/IkB—a—signaling pathway (1 = 10). (H) NLRP3 protein expression (1 = 10). (I) Protein
expression of ASC (n = 10). (J) Protein expression of Caspasel (n = 10). (K) Protein expression of
p—NEFkB (n = 10). (L) Protein expression of IkB—a (n = 10). * Means with different superscripts
within the same column differ (p < 0.05). **** Means with different superscripts within the same
column differ (p < 0.001).
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3.3. GA Reduced ZEA-Induced Histiocytic Death

TUNEL staining was used to detect cell apoptosis in the gizzard tissue of chickens.
Compared with the control group, the relative fluorescence intensity of TUNEL-positive
cells in the ZEA group significantly increased. Compared with the ZEA group, the relative
fluorescence intensity of TUNEL-positive cells in the GA group was lower and dose-
dependent (Figure 3A). Further detection of the apoptosis-related factors showed that ZEA
significantly promoted the mRNA expression of pro-apoptotic factors Caspase7, Caspase9,
Bax, and Caspase3 and inhibited the mRNA expression of anti-apoptotic factor Bcl2. GA
decreased the mRNA expression of pro-apoptotic factors Caspase7, Caspase9, Bax, and
Caspase3 and increased the mRNA expression of anti-apoptotic factor Bcl2 (Figure 3B). The
expression levels of the apoptosis-related factor proteins were basically consistent with
their mRINA expression levels (Figure 3C-H). In addition, ZEA exposure increased the
mRNA expression levels of cell necrosis regulators RIPK1, RIPK3, and MLKL, while the
use of GA decreased the mRNA expression levels of RIPK1, RIPK3, and MLKL (Figure 3L).
Furthermore, the expression of the p-MLKL, p-RIPK1, and p-RIPK3 proteins was detected
(Figure 3]). Notably, the phosphorylated expression of RIPK1, RIPK3, and MLKL plays
an important role in this process. A phosphorylated protein analysis showed that ZEA
significantly upregulated the expression levels of p-RIPK1, p-RIPK3, and p-MLKL, and
the addition of GA in the diet decreased the expression levels of p-RIPK1, p-RIPK3, and
p-MLKL (p < 0.001) (Figure 3K-M).

3.4. GA Inhibits ZEA-Induced Cellular Oxidative Stress

In order to investigate whether GA inhibits oxidative stress and protects chicken
glandular gastric epithelial cells, primary cells were first extracted from chicken embryos
for passage culture (Figure 4A). Fluorescence was used to detect the expression of reactive
oxygen species (ROS) in chicken glandular gastric epithelial cells. Compared with the con-
trol group, the ROS level significantly increased after ZEA treatment, and the level of ROS
decreased with GA intervention (Figure 4B). MDA is a marker of lipid peroxidation. Under
the action of ZEA, the production of MDA significantly increased, while under the action
of GA, the level of MDA significantly decreased (p < 0.001) (Figure 4C). Furthermore, ZEA
decreased the levels of catalase (CAT), total superoxide dismutase (SOD), and GAutathione
peroxidase (GSH-PX) and the total antioxidant capacity (T-AOC), and the intervention of
GA increased the expression levels of CAT, SOD, GSH-PX, and T-AOC in a dose-dependent
way (p < 0.05) (Figure 4D-H).

3.5. GA Protects Cells by Alleviating ZEA-Induced Inflammation Through the Nxb Pathway

In order to investigate the mechanism of inflammation induced by ZEA in chicken
glandular stomach epithelial cells and the alleviating effect of GA, the expression of the
inflammatory cytokine IL-6, IL-10, IL-18, and TNF-a genes was detected (Figure 5A). After
cell exposure to ZEA, the IL-6, IL-18, and TNF-« mRNA levels increased, and IL-10 mRNA
expression decreased. After the addition of GA, the mRNA levels of inflammatory factors
IL-6, IL-1B, and TNF-a decreased, and the expression level of IL-10 increased. The protein
results obtained via ELISA were consistent with the mRNA results (Figure 5B-E). To further
verify the role of the NFkB/IkB-o-signaling pathway in the cells, the expression of related
genes and proteins was detected. ZEA exposure significantly increased the mRNA levels
of NLRP3, ASC, Caspasel, NFxB p65, and IxB-a. After the addition of GA, the mRNA
levels of NLRP3, ASC, Caspasel, NFxB p65, and IxB-a were reduced (Figure 5F). The protein
expression of the NFkB/IkB-«-signaling pathway was similar to its mRNA expression.
Compared with the ZEA exposure group, the group with the addition of GA significantly
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reduced the protein expression of NLRP3, ASC, Caspasel, p-NF«kB p65, and IkB-« (p < 0.01)
(Figure 5G-L).
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Figure 3. Effect of GA intervention on ZEA—induced cell death. (A) TUNEL—positive cells are
stained green. Scale bar = 50. (B) mRNA levels of Caspase7, Caspase9, Bax, Bcl2, and Caspase3 (n = 3).
(C) Protein immunoblot images of Caspase?, Caspase9, Bax, Bcl2, and Caspase3 (1 = 10). (D) Protein
expression of Caspase? (1 = 10). (E) Protein expression of Caspase9 (1 = 10). (F) Protein expression of
Bax (n = 10). (G) Protein expression of Bcl2 (n = 10). (H) Cleaved Caspase3 protein expression (1 = 10).
(I) mRNA levels of RIPK1, RIPK3, and MLKL (n = 3). (J) Western blot images of p—MLKL, p—RIPK1,
and p—RIPK3 (n = 10). (K) Protein expression of p—MLKL (1 = 10). (L) Expression of p—RIPK1
protein (1 = 10). (M) Protein expression of p—RIPK3 (1 = 10). * Means with different superscripts
within the same column differ (p < 0.05). **** Means with different superscripts within the same
column differ (p < 0.001).

46



Animals 2025, 15, 489

ZEA+LGA

C 204 KERE  KEEX

o

*)

ROS production fold change
3

N©
+
+
+
+

ZEA+MGA ZEA+HGA

o
4
T
3

D F 3 RREE RRKE H
6o REEE  RRKX E 30 #eas = _ 207 wawr kwnk (’: 2.5+ = 257 wmrx kxx
& o 3 3
& 3 . H £ £
3 £ s £ 15 gzo- = £20q
S = 20+ = s -4 —
;‘ é“ E < 1.54 B < 1.5+ 3
= = z. 10 & z
z £ = £ aaiae 0>
z = = 1.04 T 1.04
£, £ 10+ ] s 2
g ki s s 4 £ o
z < 8 z 05 z 057
0 0 0 0.0 0.0
z= - + + + + = - + + + + = - + + + + zm - + + + + = - + + + +
GA - - + + + GA - + 4+ =+ GA - - 4+ 4+ + GA - - + + + GA - - + + +

Figure 4. Effects of GA on ZEA—induced oxidative stress on chicken gastric gland epithelial cells.
(A) Isolation and culture of chicken glandular gastric epithelial cells. (B) ROS staining of chicken
glandular gastric epithelial cells under different concentrations of GA. (C—H) Effects of control group
and different concentrations of GA on oxidative stress of chicken glandular gastric epithelial cells
(n = 10). * Means with different superscripts within the same column differ (p < 0.05). **** Means
with different superscripts within the same column differ (p < 0.001).

3.6. GA Protects Cells and Reduces ZEA-Induced Cell Death

To verify that GA can reduce ZEA-induced apoptosis in chicken glandular gastric
epithelial cells, we examined the expression levels of the Caspase7, Caspase9, Bax, Bcl2, and
Cleaved Caspase3 genes. The results showed that ZEA exposure significantly increased the
expression of Caspase7, Caspase9, Bax, and Cleaved Caspase3 and decreased the expression
of the Bcl2 gene (Figure 6A). At the same time, the expression results were verified at the
protein level, and the results were identical to those obtained for their respective genes.
ZEA exposure upregulated the protein levels of Caspase?7, Caspase9, Bax, Bcl2, and Cleaved
Caspase3. GA intervention resulted in dose-dependent decreases in the expression of the
Caspase?7, Caspase9, Bax, Bcl2, and Cleaved Caspase3 proteins (p < 0.005) (Figure 6B-G).
Then, AOEB staining was performed to detect the number of live and dead cells within
the cells. As shown in the figure, the number of dead cells increased significantly after
ZEA exposure, and GA could effectively alleviate cell death caused by ZEA (Figure 6H).
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Subsequently, we tested the expression levels of the MLKL, RIPK1, and RIPK3 genes, and
the results showed that ZEA exposure significantly increased the expression levels of the
MLKL, RIPK1, and RIPK3 genes, but they also showed that, after the addition of GA,
the expression levels of the MLKL, RIPK1, and RIPK3 genes were significantly reduced
(Figure 6l). To further verify the above results, a Western blot was conducted to detect the
expression levels of p-MLKL, p-RIPK1, and p-RIPK3. At the protein level, the expression
level of necrosis factor protein was basically consistent with the mRNA expression level
(Figure 6]-M).

B C
_ AEEK KKK *RRK RREK
E 50 2100
H | g
gw .g 80
<30 £ 60
g £
A 520 Ea
£ £
1 210 22
L6 0 3 H
-1 0 = 0
nk-~ F = F P A - + + + +
IL-10 + A - - + + + A - - + + +
D E
IL-1p _ ~
2150 *%%x * Rk 2 1500
% KK KKK
TNF-a
gwo £ 1000 |
C < H
Con ZEA ZEA ZEA ZEA § i
+LGA  4MGA  +HGA E 50 £ 500
| §
= 0 £ o0
= - + + + + - + + + +
@ - - + + + A - - 4+ + +
NLRP3 E g
ASC
Caspasel -
NFxB(p65) -
IkB-a l
\ A J
Con ZEA ZEA ZEA ZEA
*LGA  +MGA  +HGA
H 2 I 25 % Rk J K 2 L R R
K AR KRR g g 20y TECE WAEE 1 eek  wank z 25
5 520 3 £ g
T 1S _ = 2 a si1s 3 20
T E - E B ,&-l T
£ 19 = =f s
g1 . & £10 FE10 i
5 g0 . i £ Z 10
] z %
£ % g os 3 05 “g 08 3 s
5 K z Z
“ 0.0 0.0 < 00 0.0 0.0
ZEA - + + + + zZEA - 4+ + + +  zEA PR ZEA - + + + + ZEA + + + +
GA + + + G -+ + 4+ g + 4+ 4+ G - - + + + 6 = W * *

Figure 5. Effects of ZEA exposure and GA on inflammation and NF«kB/IkB—a—signaling pathways
in chicken Glandular gastric epithelial cells. (A) mRNA levels of IL-6, IL-10, IL-13, and TNF-«
(n = 3). (B) Protein expression of IL-6 (1 = 10). (C) Expression of IL—10 protein (n = 10). (D) Protein
expression of IL—1f (1 = 10). (E) Protein expression of TNF-o (1 = 10). (F) mRNA levels of NLRP3,
ASC, Caspasel, NFxB p65, and IkB—a (n = 3). (G) Western blot images of proteins associated with
the NF«kB/IkB—«—signaling pathway (n = 10). (H) NLRP3 protein expression (n = 10). (I) Protein
expression of ASC (n = 10). (J) Protein expression of Caspasel (n = 10). (K) Protein expression of
p—NEFkB (1 = 10). (L) Protein expression of IkB—a (n = 10). ** Means with different superscripts
within the same column differ (p < 0.01). *** Means with different superscripts within the same
column differ (p < 0.005). **** Means with different superscripts within the same column differ
(p < 0.001).
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Figure 6. Effect of GA on ZEA —induced glandular gastric epithelial cell death in chickens. (A) mRNA
levels of Caspase7, Caspase9, Bax, Bcl2, and Caspase3 (n = 3). (B) Western blot images of Caspase?,
Caspase9, Bax, Bcl2, and Caspase3 proteins (n = 10). (C) Protein expression of Caspase? (1 = 10).
(D) Protein expression of Caspase9 (n = 10). (E) Protein expression of Bax (n = 10). (F) Protein
expression of Bcl2 (n = 10). (G) Cleaved Caspase3 protein expression (1 = 10). (H) A: AO/EB staining
of control cells exposed to ZEA, ZEA+LGA, ZEA+MGA, and ZEA+HGA. Living cells are bright
green, apoptotic cells are bright orange, and dead cells are red. (I) mRNA levels of MLKL, RIPK1,
and RIPK3 (n = 3). (J) Western blot images of p—MLKL, p—RIPK1, and p—RIPK3 proteins (1 = 10).
(K) Protein expression of p—MLKL (1 = 10). (L) Expression of p—RIPK1 protein (1 = 10). (M) Protein
expression of p—RIPK3 (1 = 10). *** Means with different superscripts within the same column differ
(p < 0.005). **** Means with different superscripts within the same column differ (p < 0.001).
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4. Discussion

ZEA is a mycotoxin that is widely found in moldy grains and can cause tissue damage
in the digestive, particularly the liver, and reproductive systems. ZEA is relatively well
tolerated in poultry, but long-term consumption can affect the growth performance of
chicks, impair liver and kidney function, and reduce antioxidant performance [27,28].
GA has a variety of biological properties, including antioxidant, antifungal, and anti-
inflammatory properties, and it has become a popular therapeutic drug [29,30]. The results
show that dietary ZEA can induce inflammation of gastric gland tissue and lead to necrosis
and apoptosis of gastric gland epithelial cells. GA from glycyrrhiza extract can alleviate
the glandular gastric injury induced by ZEA. In this study, the glandular gastric tissue
morphology in the tissue slices after adding GA to the diet tended to be normal, and
the number of lesions was significantly reduced compared with that in the ZEA group.
Therefore, GA may, to some extent, alleviate tissue damage caused by ZEA ingestion.

The antioxidant system plays an important role in the growth and development of
birds. The content of MDA reflects the antioxidant capacity of the body and the lipid
peroxide damage in tissues. ZEA exposure has been shown to significantly increase MDA
content [31]. At the same time, the expression level of other antioxidant enzymes decreased,
which caused oxidative stress injury to the chicken glandular stomach. Studies have
confirmed that the addition of glycyrrhiza extract in feed can effectively improve the total
antioxidant capacity and SOD activity of broilers [32]. Adding licorice extract to drinking
water can increase the activities of GSH-PX and catalase and decrease the expression of
MDA in broilers. GA is a natural antioxidant that can remove excess ROS and increase the
activity of antioxidant enzymes [33]. In this study, adding different doses of GA to the feed
supplemented with ZEA can significantly improve the antioxidant capacity of the chicken
glandular stomach and reduce the level of MDA. In conclusion, GA can effectively reduce
the damage caused by ZEA on the antioxidant function of chicken glandular stomach.

When inflammation occurs in the body; it is inevitably accompanied by the release
of pro-inflammatory factors and the inhibition of anti-inflammatory factors. ZEA induces
glandular gastric inflammation in chickens, increases the expression of pro-inflammatory
factors (IL-6, IL-1$3, and TNF-«x), and inhibits the expression of anti-inflammatory factors
(IL-10) [34]. Dietary ZEA supplementation can significantly increase the expression of IL-6,
IL-1B, and TNF-« in glandular gastric tissue of chickens and decrease the expression of
IL-10, suggesting that ZEA can promote tissue inflammation. GA reduces the binding of
ZEA to organs by increasing the body’s antioxidant capacity. In this study, we found that
the expression of IL-6, IL-13, and TNF-« decreased and the expression of IL-10 increased
after GA was added to ZEA-exposed diets, suggesting that GA can reduce ZEA-induced
inflammation. Activation of the NFkB-signaling pathway can promote the expression of
inflammatory cytokines [35]. In our study, the levels of NLRP3, ASC, Caspasel, p-NFkB,
and IkB-« were significantly increased in the ZEA exposure group. During inflammation,
Caspasel is activated through autocatalytic activation [36]. The NLRP3 inflammasome is
critical in host immunity to fungal, bacterial, and viral infections [37—40]. The pyrin domain
of NLRP3 interacts with the pyrin domain of ASC to initiate inflammasome assembly. In
addition, the NFkB-signaling pathway corresponds to NLRP3 induction [41]. The role of
ROS in NLRP3 activation is still widely debated. ROS is considered to be a common signal
during NLRP3 inflammasome activation [42,43]. Recent studies have shown that ROS
plays a tissue-specific role in the activation of the NLRP3 inflammasome [44]. Therefore,
the NFkB-signaling pathway is closely related to inflammation and apoptosis.

Inflammation and oxidative stress can induce programmed apoptosis and necrosis,
and previous studies have confirmed that ZEA can also induce apoptosis and necrosis
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of human hepatocytes, HepaRG. Therefore, in this study, we measured and analyzed
the indicators related to apoptosis and necrosis. The results showed that ZEA exposure
significantly inhibited the expression of Bcl2, a classical anti-apoptotic molecule that inhibits
cell death by preventing mitochondrial membrane penetration. Studies have shown that
NF«kB targeting Bcl2 regulates cell death, and a decrease in Bcl2 with an increase in Bax
indicates an increase in cell apoptosis. In our results, ZEA exposure increased the expression
level of Bax and apoptosis-related factors such as Caspase9, both confirming that ZEA
induces apoptosis through the NF«B-signaling pathway. In this study, we found that ZEA
can also activate the RIPK1/RIPK3/MLKL-signaling pathway to promote cell necrosis, and
the in vitro results showed that the level of cell necrosis induced through exposure was
significantly higher than that of apoptosis.

Our results suggest that exposure to ZEA activates the NFkB/IkB-« pathway, leading
to tissue inflammation and increased expression of pro-inflammatory factors. Activa-
tion of the NF«kB/IkB- pathway decreased the expression level of Bcl2 and increased
the expression level of Bax, inducing cell apoptosis. In addition, ZEA activates the
RIPK1/RIPK3/MLKL-signaling pathway, inducing the occurrence of necrosis. However,
the number of instances of ZEA exposure-induced cell necrosis was significantly higher
than that of apoptosis, suggesting that ZEA causes tissue and cell damage primarily
through cell necrosis. These results indicate that ZEA exposure can damage the glandular
stomach of chickens and affect the health of poultry. Studies have shown that the body
cannot completely metabolize ZEA after ingestion, and some ZEA remains in the body,
causing sustained damage [45]. In recent years, research on GA has made remarkable
progress regarding the treatment of inflammatory tissue damage via antioxidative stress.
As a natural antioxidant, GA may become a key drug in the treatment and control of toxic
diseases in chickens, so we hope that our study can provide some basis for the treatment of
avian diseases with GA.

5. Conclusions

Our study found that ZEA exposure causes glandular gastric inflammation, apoptosis,
and programmed necrosis in chickens. ZEA exposure can induce oxidative stress, signifi-
cantly increase the levels of oxidative stress markers ROS and MDA, and inhibit the activity
of other antioxidant enzymes. In this study, ZEA exposure induced apoptosis and necrosis
of cells. The therapeutic effect of GA showed a dose-dependent pattern. These results
demonstrated that GA mitigated the toxicological effects of ZEA in chicken glandular stom-
ach and chicken glandular stomach epithelial cells. This study enriches the toxicological
research on ZEA and the therapeutic effect of GA, which is of great significance for the
protection of grain feed and poultry health.

Author Contributions: Conceptualization, T.S. and FW.; methodology, M.Q.; software, ].W.; valida-
tion, EW., M.Q. and J.W.; formal analysis, EW.; investigation, M.Q.; resources, T.S.; data curation,
T.S.; writing—original draft preparation, T.S.; writing—review and editing, M.G.; visualization, EW.;
supervision, M.G.; project administration, M.G.; funding acquisition, M.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Heilongjiang Province
(YQ2022C019).

Institutional Review Board Statement: This study was approved by the Institutional Animal Care
and Use Committee of Northeast Agriculture University. The approval number was NEAU2023046,
and the date was 1 March 2023.

51



Animals 2025, 15, 489

Informed Consent Statement: The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence the work reported in
this paper.

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

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Ropejko, K.; Twaruzek, M. Zearalenone and Its Metabolites-General Overview, Occurrence, and Toxicity. Toxins 2021, 13, 35.
[CrossRef] [PubMed]

Schothorst, R.C.; van Egmond, H.P. Report from SCOOP task 3.2.10 “collection of occurrence data of Fusarium toxins in food and
assessment of dietary intake by the population of EU member states”. Subtask: Trichothecenes. Toxicol. Lett. 2004, 153, 133-143.
[CrossRef]

Han, X.; Huangfu, B.; Xu, T.; Xu, W.; Asakiya, C.; Huang, K.; He, X. Research Progress of Safety of Zearalenone: A Review. Toxins
2022, 14, 386. [CrossRef]

Raj, J.; Farkas, H.; Jakov¢evi¢, Z.; Medina, A.; Magan, N; Cepela, R.; Vasiljevi¢, M. Comparison of multiple mycotoxins in
harvested maize samples in three years (2018-2020) in four continents. Food Addit. Contam. Part A 2022, 39, 599-608. [CrossRef]
[PubMed]

Zhu, F; Zhu, L.; Xu, J.; Wang, Y.; Wang, Y. Effects of moldy corn on the performance, antioxidant capacity, immune function,
metabolism and residues of mycotoxins in eggs, muscle, and edible viscera of laying hens. Poult. Sci. 2023, 102, 102502. [CrossRef]
Bi, Z.; Gu, X,; Xiao, Y.; Zhou, Y.; Bao, W.; Wu, S.; Wang, H. Analysis of the Roles of the ISLR2 Gene in Regulating the Toxicity of
Zearalenone Exposure in Porcine Intestinal Epithelial Cells. Toxins 2022, 14, 639. [CrossRef]

Shen, T.; Miao, Y.; Ding, C.; Fan, W,; Liu, S.; Lv, Y.; Gao, X.; De Boevre, M.; Yan, L.; Okoth, S.; et al. Activation of the p38/MAPK
pathway regulates autophagy in response to the CYPOR-dependent oxidative stress induced by zearalenone in porcine intestinal
epithelial cells. Food Chem. Toxicol. 2019, 131, 110527. [CrossRef]

Knapp BK, Bauer LL, Swanson KS, Tappenden KA, Fahey GC Jr, de Godoy MR. Soluble fiber dextrin and soluble corn fiber
supplementation modify indices of health in cecum and colon of Sprague-Dawley rats. Nutrients 2013, 5, 396—410. [CrossRef]
[PubMed]

Debevere, S.; Cools, A.; De Baere, S.; Haesaert, G.; Rychlik, M.; Croubels, S.; Fievez, V. In Vitro Rumen Simulations Show a
Reduced Disappearance of Deoxynivalenol, Nivalenol and Enniatin B at Conditions of Rumen Acidosis and Lower Microbial
Activity. Toxins 2020, 12, 101. [CrossRef] [PubMed]

Kemboi, D.C.; Antonissen, G.; Ochieng, PE.; Croubels, S.; Okoth, S.; Kangethe, E.K,; Faas, ].; Lindahl, ].F.; Gathumbi, ] K. A
Review of the Impact of Mycotoxins on Dairy Cattle Health: Challenges for Food Safety and Dairy Production in Sub-Saharan
Africa. Toxins 2020, 12, 222. [CrossRef] [PubMed]

Tardieu, D.; Travel, A.; Le Bourhis, C.; Metayer, J.-P.; Mika, A.; Cleva, D.; Boissieu, C.; Guerre, P. Fumonisins and zearalenone fed
at low levels can persist several days in the liver of turkeys and broiler chickens after exposure to the contaminated diet was
stopped. Food Chem. Toxicol. 2021, 148, 111968. [CrossRef]

Fu, Y,; Jin, Y;; Tian, Y,; Yu, H.; Wang, R.; Qi, H.; Feng, B.; Zhang, J. Zearalenone Promotes LPS-Induced Oxidative Stress,
Endoplasmic Reticulum Stress, and Accelerates Bovine Mammary Epithelial Cell Apoptosis. Int. . Mol. Sci. 2022, 23, 10925.
[CrossRef]

Yi, Y.; Gao, K.; Zhang, L.; Lin, P; Wang, A.; Jin, Y. Zearalenone Induces MLKL-Dependent Necroptosis in Goat Endometrial
Stromal Cells via the Calcium Overload /ROS Pathway. Int. . Mol. Sci. 2022, 23, 10170. [CrossRef] [PubMed]

Zhang, P; Jing, C.; Liang, M; Jiang, S.; Huang, L.; Jiao, N.; Li, Y.; Yang, W. Zearalenone Exposure Triggered Cecal Physical Barrier
Injury through the TGF-f31/Smads Signaling Pathway in Weaned Piglets. Toxins 2021, 13, 902. [CrossRef] [PubMed]

Fan, W.; Shen, T.; Ding, Q.; Lv, Y;; Li, L.; Huang, K.; Yan, L.; Song, S. Zearalenone induces ROS-mediated mitochondrial damage
in porcine IPEC-]J2 cells. J. Biochem. Mol. Toxicol. 2017, 31, 10. [CrossRef] [PubMed]

Guijarro-Muifioz, I.; Compte, M.; Alvarez-Cienfuegos, A.; Alvarez-Vallina, L.; Sanz, L. Lipopolysaccharide activates Toll-like
receptor 4 (TLR4)-mediated NF-kB signaling pathway and proinflammatory response in human pericytes. J. Biol. Chem. 2014,
289, 2457-2468. [CrossRef]

Pistol, G.C.; Gras, M.A.; Marin, D.E.; Israel-Roming, F; Stancu, M.; Taranu, I. Natural feed contaminant zearalenone decreases
the expressions of important pro- and anti-inflammatory mediators and mitogen-activated protein kinase/NF-«B signalling
molecules in pigs. Br. |. Nutr. 2014, 111, 452-464. [CrossRef]

52



Animals 2025, 15, 489

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sun, L.; He, D.; Liu, Y,; Wei, Y.; Wang, L. Corynoline protects against zearalenone-induced liver injury by activating the
SIRT1/Nrf2 signaling pathway. ]. Biochem. Mol. Toxicol. 2023, 37, €23224. [CrossRef] [PubMed]

Xu, J.; Li, S,; Jiang, L.; Gao, X.; Liu, W.; Zhu, X.; Huang, W.; Zhao, H.; Wei, Z.; Wang, K; et al. Baicalin protects against
zearalenone-induced chicks liver and kidney injury by inhibiting expression of oxidative stress, inflammatory cytokines and
caspase signaling pathway. Int. Immunopharmacol. 2021, 100, 108097. [CrossRef]

Luo, J.-J.; Zhang, Y,; Sun, H.; Wei, J.-T.; Khalil, M.M.; Wang, Y.-W.; Dai, ].-F.; Zhang, N.-Y.; Qi, D.-S.; Sun, L.-H. The response of
glandular gastric transcriptome to T-2 toxin in chicks. Food Chem. Toxicol. 2019, 132, 110658. [CrossRef]

Heidari, S.; Mehri, S.; Hosseinzadeh, H. The genus Glycyrrhiza (Fabaceae family) and its active constituents as protective agents
against natural or chemical toxicities. Phytother. Res. 2021, 35, 6552-6571. [CrossRef] [PubMed]

Sharifi-Rad, J.; Quispe, C.; Herrera-Bravo, J.; Belén, L.H.; Kaur, R.; Kregiel, D.; Uprety, Y.; Beyatli, A.; Yeskaliyeva, B.; Kirkin,
C.; et al. Glycyrrhiza Genus: Enlightening Phytochemical Components for Pharmacological and Health-Promoting Abilities.
Oxid. Med. Cell Longev. 2021, 2021, 7571132. [CrossRef] [PubMed]

Xu, R.; Han, EX.; Wang, H.R; Wang, ].].; Cai, Z.L.; Guo, M.Y. Tea polyphenols alleviate TBBPA-induced inflammation, ferroptosis
and apoptosis via TLR4/NF-«B pathway in carp gills. Fish. Shellfish. Immunol. 2024, 146, 109382. [CrossRef] [PubMed]

Cui, J.; Zhu, M.; Sun, X.; Yang, J.; Guo, M. Microplastics induced endoplasmic reticulum stress to format an inflammation and cell
death in hepatocytes of carp (Cyprinus carpio). Aquat. Toxicol. 2024, 269, 106870. [CrossRef]

Wu, J.; Zhang, Y;; Liu, T; Yang, J.; Sun, X.; Gao, X.J. The mechanism of selenium regulating the permeability of vascular endothelial
cells through selenoprotein O. Redox Biol. 2024, 70, 103063. [CrossRef]

Zhang, Q.; Wang, F; Xu, S.; Cui, J.; Li, K.; Shiwen, X.; Guo, M.-Y. Polystyrene microplastics induce myocardial inflammation and
cell death via the TLR4/NF-«kB pathway in carp. Fish Shellfish. Immunol. 2023, 135, 108690. [CrossRef] [PubMed]

Jia, S;; Ren, C.; Yang, P; Qi, D. Effects of Intestinal Microorganisms on Metabolism and Toxicity Mitigation of Zearalenone in
Broilers. Animals 2022, 12, 1962. [CrossRef]

Kroél, A.; Pomastowski, P.; Rafiriska, K.; Railean-Plugaru, V.; Walczak, J.; Buszewski, B. Microbiology neutralization of zearalenone
using Lactococcus lactis and Bifidobacterium sp. Anal. Bioanal. Chem. 2018, 410, 943-952. [CrossRef] [PubMed]

Xu, C,; Liang, C.; Sun, W.; Chen, J.; Chen, X. Glycyrrhizic acid ameliorates myocardial ischemic injury by the regulation of
inflammation and oxidative state. Drug Des. Dev. Ther. 2018, 12, 1311-1319. [CrossRef]

Wang, H.; Ge, X,; Qu, H.; Wang, N.; Zhou, J.; Xu, W,; Xie, J.; Zhou, Y,; Shi, L.; Qin, Z.; et al. Glycyrrhizic Acid Inhibits Proliferation
of Gastric Cancer Cells by Inducing Cell Cycle Arrest and Apoptosis. Cancer Manag. Res. 2020, 12, 2853-2861. [CrossRef]
[PubMed]

Xia, S.; Yan, C.; Gu, J.; Yuan, Y.; Zou, H.; Liu, Z.; Bian, J. Resveratrol Alleviates Zearalenone-Induced Intestinal Dysfunction in
Mice through the NF-«xB/Nrf2/HO-1 Signalling Pathway. Foods 2024, 13, 1217. [CrossRef]

Chen, Y.; Cheng, Y.; Wen, C.; Wang, W.; Kang, Y.; Wang, A.; Zhou, Y. The protective effects of modified palygorskite on the
broilers fed a purified zearalenone-contaminated diet. Poult. Sci. 2019, 98, 3802-3810. [CrossRef]

Ojha, S.; Javed, H.; Azimullah, S.; Abul Khair, S.B.; Haque, M.E. Glycyrrhizic acid Attenuates Neuroinflammation and Oxidative
Stress in Rotenone Model of Parkinson’s Disease. Neurotox Res. 2016, 29, 275-287. [CrossRef]

Lee, P-Y,; Liu, C.-C.; Wang, S.-C.; Chen, K.-Y,; Lin, T.-C.; Liu, P-L.; Chiu, C.-C.; Chen, I.-C.; Lai, Y.-H.; Cheng, W.-C.; et al.
Mycotoxin Zearalenone Attenuates Innate Inmune Responses and Suppresses NLRP3 Inflammasome Activation in LPS-Activated
Macrophages. Toxins 2021, 13, 593. [CrossRef]

Guerrero-Hue, M.; Garcia-Caballero, C.; Palomino-Antolin, A.; Rubio-Navarro, A.; Vazquez-Carballo, C.; Herencia, C.; Martin-
Sanchez, D.; Farré-Alins, V.; Egea, J.; Cannata, P.; et al. Curcumin reduces renal damage associated with rhabdomyolysis by
decreasing ferroptosis-mediated cell death. FASEB J. 2019, 33, 8961-8975. [CrossRef]

Manji, G.A.; Wang, L.; Geddes, B.]J.; Brown, M.; Merriam, S.; Al-Garawi, A.; Mak, S.; Lora, ].M.; Briskin, M.; Jurman, M.; et al.
PYPAF1, a PYRIN-containing Apafl-like protein that assembles with ASC and regulates activation of NF-kappa B. J. Biol. Chem.
2002, 277,11570-11575. [CrossRef]

Thomas, P.G.; Dash, P; Aldridge, ].R.; Ellebedy, A.H.; Reynolds, C.; Funk, A.J.; Martin, W.J.; Lamkanfi, M.; Webby, R.J.; Boyd,
K.L.; et al. The intracellular sensor NLRP3 mediates key innate and healing responses to influenza A virus via the regulation of
caspase-1. Immunity 2009, 30, 566-575. [CrossRef]

Allen, I.C.; Scull, M.A.; Moore, C.B.; Holl, E.K.; McElvania-TeKippe, E.; Taxman, D.J.; Guthrie, E.H.; Pickles, R.J.; Ting, ].P-Y. The
NLRP3 inflammasome mediates in vivo innate immunity to influenza A virus through recognition of viral RNA. Immunity 2009,
30, 556-565. [CrossRef]

Gross, O.; Poeck, H.; Bscheider, M.; Dostert, C.; Hannesschldger, N.; Endres, S.; Hartmann, G.; Tardivel, A.; Schweighoffer, E.;
Tybulewicz, V.; et al. Syk kinase signalling couples to the Nlrp3 inflammasome for anti-fungal host defence. Nature 2009, 459,
433-436. [CrossRef]

53



Animals 2025, 15, 489

40.

41.

42.

43.

44.

45.

Kanneganti, T.-D.; Body-Malapel, M.; Amer, A ; Park, ].-H.; Whitfield, J.; Franchi, L.; Taraporewala, Z.F,; Miller, D.; Patton, J.T.;
Inohara, N.; et al. Critical role for Cryopyrin/Nalp3 in activation of caspase-1 in response to viral infection and double-stranded
RNA. |. Biol. Chem. 2006, 281, 36560-36568. [CrossRef]

Bauernfeind, F.G.; Horvath, G.; Stutz, A.; Alnemri, E.S.; MacDonald, K.; Speert, D.; Fernandes-Alnemri, T.; Wu, J.; Monks,
B.G,; Fitzgerald, K.A_; et al. Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors license NLRP3
inflammasome activation by regulating NLRP3 expression. . Immunol. 2009, 183, 787-791. [CrossRef]

Dostert, C.; Pétrilli, V.; Van Bruggen, R.; Steele, C.; Mossman, B.T.; Tschopp, J. Innate immune activation through Nalp3
inflammasome sensing of asbestos and silica. Science 2008, 320, 674—677. [CrossRef]

Cruz, CM,; Rinna, A.; Forman, H.J.; Ventura, A.L.; Persechini, PM.; Ojcius, D.M. ATP activates a reactive oxygen species-
dependent oxidative stress response and secretion of proinflammatory cytokines in macrophages. J. Biol. Chem. 2007, 282,
2871-2879. [CrossRef]

Ma, M.W.; Wang, J.; Dhandapani, K.M.; Brann, D.W. NADPH Oxidase 2 Regulates NLRP3 Inflammasome Activation in the Brain
after Traumatic Brain Injury. Oxid. Med. Cell. Longev. 2017, 2017, 6057609. [CrossRef]

Bao, L.; Huang, Y.; Gu, F; Liu, W.; Guo, Y.; Chen, H.; Wang, K.; Wu, Z.; Li, ]. Zearalenone induces liver injury in mice through
ferroptosis pathway. Sci. Total Environ. 2024, 952, 175875. [CrossRef]

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

54



e animals

Article

Effects of Low-Protein Diet Without Soybean Meal on Growth
Performance, Nutrient Digestibility, Plasma Free Amino Acids,
and Meat Quality of Finishing Pigs

Bobo Deng !'?, Litong Wang 2, Xiaomei Jiang 2, Tianyong Zhang 2, Mingfei Zhu ?, Guoshui Wang 2%,
Yizhen Wang ! and Yuanzhi Cheng 1-*

1 College of Animal Sciences, Zhejiang University, Hangzhou 310058, China; 18168960899@163.com (B.D.);
yzwang321@zju.edu.cn (Y.W.)

2 Zhejiang Tianpeng Group Co., Ltd., Quzhou 324014, China; 18367079999@163.com (L.W.);
m18367070887@163.com (X.].); ztyd2009@163.com (T.Z.); 13260642771@163.com (M.Z.)

*  Correspondence: 18357089999@163.com (G.W.); yzcheng@zju.edu.cn (Y.C.)

Simple Summary: This research investigated the impact of a low—protein diet without
soybean meal on finishing pigs. The results showed that this diet didn’t adversely affect
the pigs” growth performance. It enhanced the digestibility of dry matter, crude protein,
and calcium. Although there were some changes in plasma free amino acids, the meat
quality of the pigs wasn’t negatively influenced. Moreover, this diet led to a reduction in
ammonia—nitrogen and hydrogen sulfide levels in the pigs’ urine. In essence, feeding
finishing pigs a low—protein diet without soybean meal can maintain their growth and
meat quality while possibly cutting feed costs and lessening environmental impact.

Abstract: This study investigated the effects of a low-protein diet without soybean meal on
the growth performance, nutrient digestibility, plasma-free amino acids, and meat quality
of finishing pigs. A total of 81 barrows and 81 gilts ([Yorkshire x Landrace] x Duroc) of
150 days old with similar body weights (103.64 £ 3.65 kg) were selected and randomly
allocated into three groups with three replicates in each group and 18 finishing pigs in
each pen (4.5 m x 8.5 m). Three dietary formulations were established in this experiment:
(1) 14% crude protein, and 14% soybean meal for the control group diet (CON); (2) 13%
crude protein, and 7% soybean meal for half soybean meal group diet (HSB); (3) 12% crude
protein, and 0% soybean meal for soybean meal free group diet (SBF). Three groups of
diets were equal to standard ileal digestible amino acids and swine net energy. Results
showed that (1) there was no significant difference in final body weight, average daily feed
intake, and average daily gain in CON, HSB, and SBF groups (p > 0.05). However, the feed
conversion rate was higher in the SBF but the differences were not significant (p = 0.08). (2)
Compared with the CON group, the apparent digestibility of dry matter, crude protein,
and calcium in the SBF group was significantly increased by 6.42%, 4.78%, and 9.82%,
respectively (p < 0.05). However, ether extract and phosphorus did not differ significantly
between the three groups (p > 0.05). All groups had no significant differences in serum
biochemical indexes (p > 0.05). (3) Compared with the CON group, the plasma-free contents
of glycine and glutamate in the HSB and SBF groups were significantly decreased by 42.90%
and 37.06%, respectively (p < 0.05). Compared with the CON group, the contents of plasma-
free histidine and valine in the SBF group were significantly decreased by 16.72% and
16.21%, respectively (p < 0.05), but there was no significant difference compared with the
HSB group (p > 0.05). Compared with the CON group, plasma-free isoleucine content in
the HSB group was significantly decreased by 50.39% (p < 0.05), but there was no significant
difference compared with the SBF group (p > 0.05). (4) Backfat thickness in the SBF group

Animals 2025, 15, 828

55

https://doi.org/10.3390/ani15060828



Animals 2025, 15, 828

was significantly increased by 3.53% compared with that in the CON group (p < 0.05), but
there was no significant difference compared with the HSB group (p > 0.05). Compared
with the CON group, lean meat percentage in the HSB and SBF groups showed a tendency
to increase and decrease, respectively (p = 0.09). (5) The urine ammonia-nitrogen content of
finishing pigs in the SBF group was significantly lower than that of the CON (p < 0.05), at
a rate of 28.80%. HjS content in the urine of the SBF group tended to decrease (p = 0.06).
This study demonstrates that a low-protein diet without soybean meal can be applied as a
dietary strategy for finishing pigs with no adverse influence on growth performance.

Keywords: low-protein diet; soybean meal; growth performance; nitrogen utilization; meat
quality; finishing pigs; gut health

1. Introduction

With the development of animal husbandry, the shortage of protein feed resources
has become increasingly prominent, especially that of soybean meal as the main protein
source, since its price fluctuation and supply stability have a great impact on the livestock
industry [1,2]. Therefore, it is of great significance to study the application of a low-protein
diet without soybean meal in pigs to reduce feed cost, improve feed utilization rate, and
ensure the sustainable development of animal husbandry. The trial period was chosen to
focus on the later stage of finishing pigs” growth, which is an important period for assessing
the impact of dietary changes on growth performance and meat quality. Soybean meal is
one of the main protein raw materials in the pig diet, but with the rising price in recent years,
soybean meal reduction alternatives have been paid more and more attention in China [3,4].
In pig production, low crude protein (CP) formulation with supplemental crystalline amino
acid (CAA) has been widely implemented as a strategy to reduce the feed cost, and more
recently to improve intestinal health mainly by decreasing the protein fermentation by
intestinal microbiota [5-7]. This practice requires a higher energy-to-protein ratio in the diet
to support rapid growth and fat deposition [8]. Therefore, a soybean meal-free diet with
optimized protein levels can be particularly beneficial in this context. Reducing the dietary
CP by 2% to 4% compared to the NRC (2012) [9] recommendations and supplementing
with CAA has been demonstrated to increase nitrogen utilization, reduce feed costs and
nitrogen excretion, and promote gut health without impairing the growth performance of
pigs [10-12]. Robert et al. showed that reducing dietary CP content does not negatively
impact the digestion of nutrients in the foregut of pigs [13]. Wu et al. reduced the dietary
CP level of pigs by 1-3% and found that the growth performance of the pigs was not
affected, and the NHj3 content as well as nitrogen excretion in the fattening pig house
were reduced regardless of the growth stage or fattening stage [14]. Li et al. showed
that a 3% reduction in dietary CP level could increase the intramuscular fat content of
the longissimus dorsi muscle of fattening pigs, reduce shear force, and help to improve
meat quality [15]. However, significantly cutting down on dietary CP might negatively
impact growth performance, as the synthesis of non-essential amino acids (AAs) and
the availability of bioactive compounds from protein supplements could be restricted,
even if the AA requirements are satisfied [16,17]. What’s more, using a low CP formula
might lead to an increase in the net energy content of feeds, thereby causing excessive fat
deposition [18]. On the other hand, adding more functional AAs to the low CP formula can
further improve intestinal health and glucose metabolism, which in turn enhances nitrogen
utilization and growth performance [19]. Although low-protein diets have been studied
extensively in pigs, there are few studies based on low-protein diets without soybean
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meal. It is worth noting that in southern China, the selling price of 150 kg fattened pigs is
significantly higher than that of 120 kg standard pigs, and breeding enterprises and family
farms have a habit of raising large, fat pigs. According to the nutritional requirements of
pigs, it is the most likely stage to use formula without soybean meal. Thus, a low-protein
strategy can be realized.

There were few studies examining the application of a low-protein diet without
soybean meal in the last stage of the fattening period; however, its effect on finishing pigs is
still unknown. Hence, this work was conducted to evaluate the effects of a low-protein diet
without soybean meal on growth performance, nutrient digestibility, plasma-free amino
acids, and meat quality of finishing pigs. Together, these data could represent a useful basis
for applications of a low-protein diet without soybean meal on finishing pigs to lay a good
foundation for increasing efficiency and reducing cost.

2. Materials and Methods

A total of 81 barrows and 81 gilts ([Yorkshire x Landrace] x Duroc) of 150 days
old with similar body weights (103.64 + 3.65 kg) were selected and randomly allocated
into three groups with 3 replicates in each group and 18 finishing pigs in each pen
(4.5m x 8.5m). All pigs were housed in an environmentally controlled building with
a half-slotted concrete floor facility during finishing periods. The experimental pigs were
fed twice at 8:00 a.m. and 5:00 p.m. each day, and the epidemic prevention and disinfection
were carried out following the management regulations of the pig farm. The temperature
of the pig pens was controlled between 15 and 20 °C and the relative humidity was main-
tained between 50 and 65% throughout the experiment. Daily feed allocations to each pen
were adjusted according to the body weight and the weight of the residual was recorded
every day before new feeding was delivered. Fecal samples were collected three times daily
at 8 h intervals. After collection, 10% H;SO4 was added to fix nitrogen, ammonium sulfate
was used as marker, and the samples were stored at —20 °C for 24 h before processing.

The experiment was conducted at the Pig Experiment Research Farm, Zhejiang Tian-
peng Group Co., Ltd. (Quzhou, China), from October to December 2023. Following the
NRC guidelines from 1998 and 2012, three dietary formulations were established in this
experiment (Table 1): (1) 14% crude protein, and 14% soybean meal for the control group
diet (CON); (2) 13% crude protein, and 7% soybean meal for half soybean meal group diet
(HSB); (3) 12% crude protein, and 0% soybean meal for soybean meal-free group diet (SBF).
The three dietary groups were equal to standard ileal digestible amino acids and swine net
energy. During the whole experiment period, each pen had feeders and nipple drinkers to
provide ad libitum access. This experiment consisted of a 7-day adaptation and a 41-day
fattening period for sample collection.

Table 1. Ingredients and nutritional contents of the experimental diets.

Treatment

Items (%)

CON HSB SBF
Ground corn 71.77 45.37 37.03
Wheat - 25.00 30.00
Soybean meal 14.00 7.00 -
Wheat bran 12.00 10.00 10.00
Rice bran - 5.00 5.00
Wheat germ meal - 5.00 15.00
Soybean oil 0.50 0.50 0.50
Salt 0.40 0.40 0.40
Calcium carbonate 0.10 0.10 0.10
CaHPO, 0.50 0.50 0.50
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Table 1. Cont.

Treatment (¥

Items (%)

CON HSB SBF
Lysine 0.46 0.52 0.63
Methionine 0.03 0.04 0.05
Threonine 0.10 0.12 0.15
Tryptophan - 0.01 0.12
Valine - - 0.02
Premix @ 0.14 0.44 0.50

Total 100.00 100.00 100.00

Nutrient Levels )

DM (%) 87.15 87.15 87.15

SNE (Kcal/kg) 2422.00 2418.00 2420.00
CP (%DM) 14.00 13.00 12.00
EE (%DM) 4.12 4.13 4.13
Ash (%DM) 3.50 3.51 3.53
Calcium (%DM) 0.58 0.58 0.58
Phosphorus (%DM) 0.24 0.24 0.24
Swine SID Lys (%) 0.90 0.90 0.90
Swine SID M + C (%) 0.45 0.45 0.45
Swine SID Met (%) 0.24 0.24 0.24
Swine SID Thr (%) 0.50 0.50 0.50
Swine SID Trp (%) 0.13 0.13 0.13
Swine SID Val (%) 0.53 0.53 0.53

Abbreviations: DM = dry matter; SNE = swine net energy; CP = crude protein; EE = ether extract;
SID = standardized ileal digestibility; Lys = lysine; Met = methionine; C = cystine; Thr = threonine;
Trp = tryptophan; and Val = valine. () Treatment: CON = 14% crude protein, and 14% soybean meal;
HSB = 13% crude protein, and 7% soybean meal; SBF = 12% crude protein, and 0% soybean meal. ? Premix was for-
mulated to provide (per kilogram of the dietary DM) 31.5 mg of Zn as ZnSO4-7H,O; 40.1 mg of Mn as MnSO4-H,O;
90.0 mg of Fe as FeSO,-7H,0; 12.0 mg of Cu as CuSO4-5H;0; 0.5 mg of I as KI; 0.3 mg of Co as CoCl,-6H,O;
0.25 mg of Se as NaySeO3; 6800 IU of vitamin A; 4500 IU of vitamin Dj; 200 IU of vitamin E; 9 mg of vitamin K3,
5.88 mg of vitamin By, 4.5 mg of vitamin Bs; and 40 ug of vitamin Bya. ) Swine net energy and SID amino acid
were calculated value, while the others were measured values.

2.1. Sample Collection and Determination

The daily feed provided and remnants were collected and weighed to determine the
ADFI. All 162 finishing pigs were weighed at the last day of the experiment to calculate
final weight, average daily gain, and feed conversion rate. A week-long digestion and
metabolism test was carried out at the conclusion of the formal period, with the first
two days serving as the adaptation phase and the subsequent five days designated for
sampling. Fecal samples were gathered three times daily, with an eight-hour interval
between each collection. Subsequent to the collection, 10% sulfuric acid (H,SO4) was added
to facilitate nitrogen fixation. The five-day fecal samples (200 g) were blended and stored
in a refrigerator at 20 °C pending the assessment of the apparent digestibility of nutrients.
Both feed and feces were subjected to drying and grinding using a pulverizer to prepare
for the subsequent determination of dry DM, CP, EE, Ca, and P content. The detection of
DM was performed in accordance with AOAC method 930.15; the measurement of EE was
conducted following AOAC method 920.85; and the testing of CP was executed using the
Kjeldahl method with an azotometer (Scino KT260, FOSS, Hillerod, Denmark).

At the conclusion of the experiment, six pigs with average body weights were chosen
from each group for slaughter. Approximately 5 mL of blood was collected from the
jugular vein of each pig into vacuum plasma tubes three hours after morning feeding [20].
One of the blood samples was then centrifuged at 3000x g for 10 min at 4 °C to obtain
plasma, which was subsequently frozen at —20 °C for further analysis. Serum samples
were analyzed for the levels of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), transglutaminase (GGT), total bilirubin (TBIL), total
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protein (TP), and so on, following the methods described in previous studies [21]. Another
blood sample was used to measure the plasma-free amino acid content.

The weight of the carcass was recorded to calculate the carcass yield. Measurements of
backfat thickness at the first rib, last rib, and last lumbar vertebra were taken to determine
the average backfat depth. The loin eye area (LEA) was measured at the last lumbar
vertebra [22]. Samples of the longissimus dorsi (LD) muscle from the 10th ribs were taken
to measure the pH value, meat color, shear force, drip loss, cooking loss, moisture loss,
and intramuscular fat (IMF) [23,24]. The ultimate pH was measured 24 h after slaughter
using an Orion 9106 penetrating probe, which had been calibrated with two buffers (pH
7.00 and 4.01). Cooking loss was calculated 24 h after slaughter by comparing the weight
of the cooked sample (B) to the weight of the raw sample (A) using the formula: cooking
loss (g/100 g) = [(A — B)/A] x 100. Shear force, expressed as g/100 g of liquid expelled,
was measured using the filter paper press method as described by the American Meat
Science Association. Meat color was assessed at the same time and location as the pH
measurement. The lightness (L*), redness (a*), and yellowness (b*) values were measured
three times on the LD muscle for each pig using a Chroma meter (CR-400, Tokyo, Japan),
and the average value was used as the result [25]. Shear force was measured using a texture
analyzer (TA.XT Plus, Stable Micro Systems, Godalming, UK). The IMF was measured
according to the national standard method (GB 5009.6-2016, China) [26]. Urine samples
were collected from each pig at 3 h post-feeding. Ammonia-nitrogen levels were measured
using the phenol-sodium hypochlorite colorimetric method, while hydrogen sulfide levels
were determined using gas chromatography [27].

2.2. Statistical Analysis

The results are shown as the averages along with their standard errors of the mean
(SEM). Statistical significance was assessed using one-way ANOVA followed by Tukey’s
post-hoc tests for multiple comparisons. Before conducting ANOVA, data were tested for
normality using the Shapiro-Wilk test and homogeneity of variance using Levene’s test.
No pigs were eliminated or died during the experiment; hence, all data were included in
the analysis. All analyses were performed using the SPSS Statistics software, version 20.0
(IBM Corp., Armonk, NY, USA). In this study, statistical significance was set at p < 0.05,
with highly significant results at p < 0.01, and trends were noted when 0.05 <p < 0.1.

3. Results
3.1. Growth Performance

As shown in Table 2, the results showed no significant difference in FBW among all
groups (p > 0.05). There was also no significant difference in ADFI and ADG among the
CON, HSB, and SBF groups (p > 0.05). Although the corn content in the SBF group was
significantly lower than in other groups, the pigs maintained similar growth performance,
suggesting that the optimized protein and energy balance in the diet compensated for the
reduced corn levels.

3.2. Nutrient Digestion and Serum Biochemical Parameters

As shown in Table 3, the results showed that compared with the CON group, the
apparent digestibility of DM, CP, and Ca in the SBF group was significantly increased
by 6.42%, 4.78%, and 9.82%, respectively (p < 0.05). However, EE and P did not differ
significantly among the three groups (p > 0.05). As presented in Table 4, the results showed
that there were no significant differences in different serum biochemical indexes among all
groups (p > 0.05).
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Table 2. Influence of low-protein diet without soybean meal on growth performance of finishing

pigs.
Treatment
Items CON HSB SBF SEM p-Value
(n=3) (n=3) (n=3)

IBW (kg) 103.28 104.30 103.35 5.03 0.35
FBW (kg) 151.26 153.43 151.48 8.46 0.42
ADFI (g/d) 4209.57 4230.20 4214.09 35.15 0.61
ADG (g/d) 1170.28 1198.25 1173.89 13.10 0.14
FCR 3.60 3.53 3.59 0.02 0.08

Abbreviations: IBW = initial body weight; FBW = final body weight; ADFI = average daily feed intake;
ADG = average daily gain; FCR = feed conversion rate.

Table 3. Influence of low-protein diet without soybean meal on nutrient digestion of finishing pigs.

Treatment
Items CON HSB SBF SEM p-Value
(n=6) (n=6) (n=6)

DM (%) 80.10 P 82.28 ab 86.25 2 2.13 <0.05
CP (%) 79.50 81.10 2P 83.452 1.05 <0.05
EE (%) 75.65 74.60 75.31 3.40 0.38
Ca (%) 55.20 56.13 P 60.62 2 2.25 <0.05

P (%) 47.24 51.50 50.68 3.62 0.72

Abbreviations: DM = dry matter; CP = crude protein; EE = ether extract; Ca = calcium; and P = phosphorus.
ab Means within a row with different superscripts differ (p < 0.05). The same as in the following table.

Table 4. Influence of low-protein diet without soybean meal on serum biochemical parameters of

finishing pigs.
Treatment
Items CON HSB SBF SEM p-Value
(n=06) n==6) (n=06)
ALT (U/L) 50.83 52.03 49.96 6.02 0.25
AST (U/L) 35.13 35.30 32.30 3.79 0.42
ALP (U/L) 70.67 71.60 72.33 5.50 0.38
GGT (U/L) 40.00 40.33 42.67 3.26 0.16
TBIL (umol/L) 7.70 5.23 6.93 0.65 0.22
TP (g/L) 74.73 68.96 75.96 5.32 0.57
ALB (g/L) 41.37 41.26 43.16 3.20 0.32
GLO (g/L) 33.36 27.70 32.80 5.58 0.46
A/G 1.26 1.50 1.33 0.35 0.78
LDH (U/L) 601.00 610.67 607.67 25.65 0.35
CK (U/L) 1426.33 1590.00 1500.67 100.20 0.92
BUN (mmol/L) 491 4.54 5.76 0.80 0.20
CREA(umol/L) 149.20 140.50 146.30 10.25 0.33
GLU (mmol/L) 5.93 6.03 6.23 0.50 0.53
CHOL (mmol/L) 2.31 1.99 2.35 0.04 0.12
TG (mmol /L) 0.43 0.35 0.45 0.08 0.16
PAMY (U/L) 2236.33 2424.00 2380.33 158.35 0.87
LIP (U/L) 17.76 14.70 16.43 3.20 0.28

Abbreviations: ALT = glutamate pyruvate transaminase; AST = glutamic oxalacetic transaminase; ALP = alkaline
phosphatase; GGT = transglutaminase; TBIL = total bilirubin; TP = total protein; ALB = albumin; GLO = globulin;
A/G = albumin to globulin; LDH = lactic dehydrogenase; CK = creatine kinase; BUN = urea nitrogen;
CREA = creatinine; GLU = glucose; CHOL = total cholesterol; TG = triglyceride; PAMY = amylopsin; and
LIP = lipase.
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3.3. Plasma Free Amino Acid Composition

In this study, in order to explore the effects of low protein without soybean meal
diet on plasma-free amino acids of 90-150 kg finishing pigs, the changes in 22 free amino
acids in the plasma of CON, HSB, and SBF groups were compared (Table 5). Results
demonstrated that compared with the CON group, the contents of glycine and glutamate in
the HSB and SBF groups were significantly decreased by 42.90% and 37.06%, respectively
(p < 0.05). Compared with the CON group, the contents of histidine and valine in the SBF
group were significantly decreased by 16.72% and 16.21%, respectively (p < 0.05), but there
was no significant difference compared with the HSB group (p > 0.05). Compared with the
CON group, isoleucine content in the HSB group was significantly decreased by 50.39%
(p < 0.05), but there was no significant difference compared with the SBF group (p > 0.05).
The contents of other amino acids were not significantly different among the three groups

(p > 0.05).
Table 5. Influence of low-protein diet without soybean meal on plasma-free amino acid composition
in finishing pigs.
Treatment
Items CON HSB SBF SEM  p-Value
(n=6) (n=6) (n=6)
Glycine (ug/mL) 219.102 125.10® 137.91°b 10.03 <0.05
Serine (pug/mL) 253.04 248.56 246.21 6.46 0.12
Methionine (pg/mL) 72.33 63.64 66.59 5.15 0.51
Proline (ug/mL) 28.36 25.72 24.37 3.20 0.24
Leucine (ng/mL) 33.55 30.78 31.64 2.12 0.78
Creatine (png/mL) 43.71 33.76 42.53 6.28 0.37
Glutamate (pg/mL) 229.202 165.13 P 173.69 P 10.20 <0.05
Phenylalanine (ug/mL) 18.67 12.89 16.64 3.50 0.13
Lysine (ug/mL) 56.96 52.71 54.34 3.78 0.62
Argine (ug/mL) 25.39 21.86 20.89 4.10 0.39
Tryptophan (ug/mL) 15.18 12.85 15.76 2.30 0.17
Tyrosine (ug/mL) 13.01 11.49 12.02 1.80 0.59
Histidine (ng/mL) 47.67 2 43.06 2P 39.70 0.90 <0.05
Valine (ng/mL) 142.68 2 138.52 ab 119.55b 8.15 <0.05
Ornithine (ng/mL) 57.42 50.09 52.12 6.05 0.17
Alanine (ug/mL) 40.59 33.83 39.92 5.26 0.82
Taurine (ng/mL) 31.83 31.99 35.33 3.80 0.28
Isoleucine (j1g/mL) 23.102 11.46" 17.23 2b 4.30 <0.05
Aspartic (ug/mL) 10.52 8.61 9.03 1.28 0.47
Threonine (pg/mL) 42.64 39.46 33.93 5.90 0.62
Glutamine (png/mL) 58.21 54.72 56.06 3.02 0.15
Asparagine(ug/mL) 13.89 14.62 16.27 2.40 0.17

ab Means within a row with different superscripts differ (p < 0.05). The same as in the following table.

3.4. Meat Quality

As is shown in Table 6, backfat thickness in the SBF group was significantly increased
by 3.53% compared with that in the CON group (p < 0.05), but there was no significant
difference compared with the HSB group (p > 0.05). Compared with the CON group, lean
meat percentage in the HSB and SBF groups tended to increase and decrease, respectively
(p = 0.09). The indexes of slaughter rate and loin eye area showed no significant differences
among the three groups (p > 0.05). There were no significant differences in pH value, meat
color (a*, b*, L*), shear force, drip loss, cooking loss, milling loss, or intramuscular fat
content indexes of longissimus dorsi muscle (p > 0.05).
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Table 6. Influence of low-protein diet without soybean meal on carcass traits and meat quality of

finishing pigs.
Treatment
Items CON HSB SBF SEM p-Value
(n=6) (n=6) (n=6)
Carcass traits
YP (%) 72.83 70.25 71.95 1.32 0.56
CL (cm) 91.05 90.50 92.89 2.58 0.42
BFT (cm) 2.83b 2.8772b 2932 0.05 <0.05
LEA (cm?) 32.58 33.06 32.73 2.80 0.17
LMR (%) 60.20 61.52 57.90 2.35 0.09
Meat quality

pHoan 5.72 5.68 5.70 0.15 0.35
a* 16.30 16.25 16.81 1.80 0.57
b* 4.23 4.50 4.46 0.45 0.81
L* 56.10 57.20 56.52 3.55 0.70
SF (N) 37.00 36.50 37.87 4.90 0.32
DL (%) 4.65 4.70 4.62 0.89 0.61
CL (%) 15.50 14.92 15.10 0.80 0.20
ML (%) 37.10 37.45 38.06 10.25 0.38
IMEF (%) 1.80 1.84 1.95 0.50 0.53

Abbreviations: YP = yield percentage; CL = carcass length; BFT = back fat thickness; LEA = loin eye
area; LMR = lean meat rate; SF = shear force; DL = drip loss; CL = cooking loss; ML = milling loss; and
IMF = intramuscular fat. *® Means within a row with different superscripts differ (p < 0.05). The same as
in the following table.

3.5. The Content of HyS and Ammonia-Nitrogen in Urine

As is shown in Table 7, by adding no soybean meal to the diet of the SBF group,
the urine ammonia-nitrogen content of 90-150 kg finishing pigs in the SBF group was
significantly lower than that of the CON at the end of the experiment (p < 0.05), decreased
by 28.80%. H,S content in the urine of the SBF group tended to decrease but there was no
significant difference between the two groups (p = 0.06).

Table 7. Influence of low-protein diet without soybean meal on the content of H,S and ammonia-

nitrogen in urine of finishing pigs.

Treatment
Items CON HSB SBF SEM p-Value
(n=6) (n=6) (n=06)
NH3-N (mg/dL) 1.252 1.14 % 0.89° 0.13 <0.05
H,S (nmol/mL) 5.25 5.16 4.12 0.75 0.06

ab Means within a row with different superscripts differ (p < 0.05). The same as in the following table.

4. Discussion
4.1. Growth Performance, Nutrient Digestion, and Serum Biochemical Parameters

Growth performance is the most direct metric in livestock production. In this study,
it was observed that feeding a low-protein diet, with crude protein reduced from 14%
to 12%, had no negative impact on the growth performance of finishing pigs. Han et al.
reported that in the growing stage, pigs fed a low-protein diet according to the NRC
(2012) recommendations showed a decrease in average daily gain (ADG) [28]. Jiang
et al. showed that supplementing glycine to a low-protein diet could improve meat
quality without affecting animal growth [29]. Duan et al. found that when the amino acid
requirements of growing—finishing pigs were met, reducing the dietary protein level by
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2-4% did not affect the growth performance of the pigs [30]. Wang et al. demonstrated
that pigs fed a low-protein diet might have longer villi in the small intestine during the
finishing phase compared to those fed higher protein diets, which could lead to improved
ADG [31,32]. Serum biochemical indicators can reflect changes in physiological functions
and health status of the animal, as well as provide information on nutritional metabolism
and organ function changes. The levels of serum albumin and total protein are also
indicators of the animal’s health status [33]. In this study, we found that the low-protein
diet without soybean meal had no negative effect on the blood biochemical parameters and
thus the health status of finishing pigs. It should be noted that in this study, there was a
significant substitution of maize with wheat in the diets. This change may have an impact
on the results, as wheat and maize have different nutritional profiles and may affect the
digestibility and utilization of nutrients. Future studies should consider this factor and
investigate the effects of different grain sources on the performance of finishing pigs.

4.2. Free Amino Acid Profile in Plasma

The level of protein in the diet directly affects the metabolism of protein in the pig body,
and reducing the level of protein in the diet can improve the metabolism of protein [33].
Amino acids are the basic components of protein and an important part of life activities.
As an important metabolite of animal metabolism, plasma amino acids reflect the status
of animal protein metabolism and energy metabolism [34]. Bergen et al. demonstrated
that the content of free amino acids in plasma could reflect the metabolism of amino acids
in animals. There was no significant difference in free amino acids in plasma, indicating
that the ratio of various amino acids in the diet was balanced [35]. Ye et al. showed that
after the reduction in dietary CP level, the plasma-free amino acids of finishing pigs were
significantly reduced compared to that of the control group, except for histidine, valine,
and isoleucine, which had similar content among groups [36]. In this study, the content
of histidine and valine in plasma was decreased by the low-protein diet without soybean
meal. It is indicated that the ratio of amino acids in the diet was basically balanced, and
the metabolism and utilization of amino acids were not affected by the decrease of CP
from 14 to 12%. The significant decrease in glycine and glutamate levels in the SBF group
may reflect altered metabolic pathways in response to the low-protein diet. These changes
could potentially affect energy metabolism and muscle development, although no adverse
effects on growth performance were observed in this study. Especially synthetic AAs,
such as L-lysine-HCI, DL-methionine, L-threonine, and tryptophan, were supplemented to
increase nitrogen utilization and to reduce negative effects deriving from a reduction in CP.
We hypothesized that when the above four amino acids are in sufficient levels in the diet,
the reduction in crude protein would cause the finishing pigs to be more sensitive to the
deficiency of histidine and valine.

4.3. Meat Quality and the Content of HyS and Ammonia-Nitrogen in Urine

There have been many reports on the influence of dietary protein levels on meat
quality. The main indexes to evaluate meat quality are meat color, marbling, intramuscular
fat, and pH value [37,38]. Li et al. found that lower levels of protein in the diet decreased
shear force (improved tenderness), probably through an increase in total fat content and
modification in fatty acid composition in the muscles of growing pigs [15]. Zhu et al.
showed that a low-protein amino acid balanced diet could improve the tenderness of
longissimus dorsi muscle, increase intramuscular fat content, and change the fatty acid
composition of fattening pigs [39]. In our study, we found that backfat thickness in the
SBF group was significantly increased by 3.53% compared with that in the CON group,
but there were no significant differences in pH value, meat color (a*, b*, L*), shear force,
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drip loss, cooking loss, milling loss, and intramuscular fat content indexes of longissimus
dorsi muscle when the proportion of soybean meal decreased from 14% to 0, indicating that
low-protein diet without soybean meal did not have adverse effects on the meat quality of
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5. Conclusions

In summary, under the conditions of this experiment, offering a low-protein diet
without soybean meal to finishing pigs had no significant influence on the growth perfor-
mance, but elevated the apparent digestibility of dry matter, crude protein, and calcium. In
addition, there was no adverse effect on carcass traits, meat quality, and blood biochemical
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Simple Summary: As a food-derived bioactive compound, TPs have garnered extensive
attention for their physiological properties in research. In this study, we found that TPs
lower ROS levels, restore antioxidant enzymes (SOD, CAT), and inhibit the ROS-PI3K/AKT-
NF-«B pathway, preventing inflammatory injury. TPs also suppress apoptosis by regulating
Caspase-3, Bax, and Bcl-2, and relieve necrosis by downregulating the RIPK3/MLKL
signalling pathway. These findings suggest that dietary TPs may serve as a therapeutic
agent against TBBPA-induced renal injury in common carp.

Abstract: Tetrabromobisphenol A (TBBPA), a widely utilised brominated flame retardant,
demonstrates toxicological effects in aquatic organisms. Tea polyphenols (TPs), natural
compounds found in tea leaves, exhibit both antioxidant and anti-inflammatory activities.
The kidney is one of the major metabolic organs in common carp and serves as a target organ
for toxic substances. This study evaluated the therapeutic potential of TPs in mitigating
TBBPA-induced nephrotoxicity in common carp. Common carp were exposed to 0.5
mg/L TBBPA in water and/or fed a diet supplemented with 1 g/kg TPs for 14 days.
In vitro, primary renal cells were treated with 60 uM TBBPA and/or 2.5 ng/L TPs for 24
h. Methods included histopathology, TUNEL assay for apoptosis, ROS detection, and
molecular analyses. Antioxidant enzymes (SOD, CAT) and inflammatory cytokines (IL-
1B, IL-6, TNF-«) were quantified using ELISA kits. Results showed that TBBPA induced
oxidative stress, and activated the ROS-PI3K/AKT-NF-«B pathway, thereby resulting
in inflammatory responses. TBBPA upregulated apoptosis-related genes (Caspase-3, Bax,
and Bcl-2) and induced apoptosis. TBBPA upregulated the expression of RIPK3/MLKL,
thereby exacerbating necroptosis. TPs intervention significantly mitigated these effects by
reducing ROS, suppressing NF-«kB activation, and restoring antioxidant enzyme activities
(SOD, CAT). Moreover, TPs attenuated apoptosis and necrosis in the carp kidney, thereby
enhancing the survival ability and immunity of common carp.

Keywords: tea polyphenols; aquaculture feed additives; inflammatory injury; oxida-
tive stress

1. Introduction

Common carp (Cyprinus carpio L.) ranks as the third most cultivated freshwater fish
globally. More than 90% of the global output comes from Asia, and it is one of the freshwater
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fish commonly consumed by Chinese people [1]. Common carp provides humans with
quality animal protein and essential minerals, including iron and zinc. The renal system in
carp plays a crucial role in the excretion of metabolic waste. Its function often makes it a
target for toxic substances that cause tissue damage [2]. Kidney damage in carp prolongs
the breeding cycle and even increases the mortality rate, resulting in greater difficulty in
feeding and management [3].

Tetrabromobisphenol A (TBBPA), a widely used brominated flame retardant, is in-
corporated as an additive in plastics, textiles, and electronic equipment [4,5]. Due to its
lipophilicity and thermal stability, TBBPA and its derivatives exhibit significant bioaccu-
mulation and biomagnification in organisms, resulting in developmental, reproductive,
and endocrine disruptions, particularly in rodent models and aquatic organisms [6-8].
Environmental monitoring has identified TBBPA at varying concentrations in air, sedi-
ments, and marine systems worldwide [9]. Asia accounts for approximately 80% of global
TBBPA consumption, with China being the dominant consumer [10,11]. Aquatic sediments
serve as a reservoir for TBBPA, and its toxic effects on marine organisms have been widely
documented [12]. Yang et al. documented TBBPA concentrations as high as 4.87 ug/L
in Chaohu Lake, representing the highest reported aqueous environmental concentration
worldwide, particularly in grass carp (Ctenopharyngodon idella) and rodent models [13].
TBBPA bioaccumulation was detected in grass carp tissues from Chaohu Lake, with the
highest concentrations observed in the kidney (75.2-162.4 ng/g dw), followed by the liver
and muscle. TBBPA can activate the ROS/NF-«kB pathway, leading to intestinal inflamma-
tion and cellular necrosis in common carp [14]. In vitro studies using grass carp hepatocytes
have demonstrated that TBBPA induces apoptosis by elevating reactive oxygen species
(ROS) levels and impairing ER-mitochondrial communication [15]. Fukuda et al. observed
that neonatal rats orally administered 200 mg/kg and 600 mg/kg of TBBPA for 18 days
developed multicystic kidney lesions, confirming its nephrotoxicity [16]. TBBPA-induced
nephrotoxicity in rodents is primarily characterised by renal tubular abnormalities and
cysts, as well as oxidative stress-mediated tissue injury, with juvenile individuals exhibiting
higher susceptibility. A high dosage (typically >250 mg/kg bw) is a critical factor in
triggering renal toxicity [16-18]. However, the mechanisms underlying TBBPA-induced
renal injury in teleost fish remain to be elucidated.

The PIBK/AKT/NF-kB pathway plays a dual role in teleost kidney physiology, regu-
lating immune responses and tissue repair while also contributing to renal injury and
fibrosis when dysregulated. Paraquat exposure leads to apoptosis and programmed
necrosis through oxidative stress and the PTEN/PI3K/AKT pathway, thereby causing
immune dysfunction in CIK cells [19]. Albicanol antagonises hepatocyte apoptosis in-
duced by Profenofos exposure through a ROS-mediated PTEN/PI3K/AKT pathway [20].
Tea polyphenols (TPs), the most abundant and biologically active natural compounds in
Camellia sinensis leaves, exhibit significant physiological properties including antioxidant,
anti-inflammatory, and immunomodulatory activities [21]. As food-derived bioactive
compounds, TPs have garnered considerable attention in the development of functional
feeds. Dietary supplementation with TPs has been shown to mitigate oxidative stress in
the gills of common carp, reduce inflammatory responses, and enhance innate immune
function [22]. Zhao et al. demonstrated that TPs attenuate ethionine-induced oxidative
stress, inflammatory response, and apoptosis in Ctenopharyngodon idella kidney (CIK)
cells by suppressing the ROS/MAPK/NF-«B pathway [23]. However, few studies have
investigated the therapeutic effects of TPs on renal injury in carp, leaving it unclear if TPs
can reduce TBBPA-induced renal injury. We established a TBBPA exposure model using
common carp and primary renal cells to explore the mechanism of TBBPA-induced renal in-
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jury and the therapeutic efficacy of TPs, using histopathological examination and molecular
biology techniques. This study offers novel insights into the treatment of TBBPA-induced
renal injury in common carp.

2. Materials and Methods
2.1. Animals and Treatment

All experimental procedures involving animals were approved by the Institutional
Animal Care and Use Committee of Northeast Agricultural University. Eighty healthy
carp weighing 76.0 & 5.4 g were obtained for this study from a nearby aquaculture facility.
Each experimental group contained 20 fish (n = 20). The fish were randomly divided into
four groups: Control Group (Con): fed basal diet only; TPs Group (TPs): fed basal diet
supplemented with 1 g/kg TPs; TBBPA Group (TBBPA): exposed to 0.5 mg/L TBBPA
in water while fed basal diet; TBBPA + TPs Group (TBBPA + TPs): fed basal diet with
1 g/kg TPs and exposed to 0.5 mg/L TBBPA in water. TPs were thoroughly mixed with the
basal diet at 1 g/kg feed concentration. Fish were housed in the tanks with temperature
controlled at 26 £ 2 °C and minimum dissolved oxygen levels above 7 mg/L. Throughout
the 14-day experiment, fish were fed twice daily, with 30% water exchange performed every
other day to maintain water quality. Subsequently, the common carp were anaesthetised
with 0.02% MS-222 and euthanised. The kidneys were removed, a part of the kidneys
rinsed with PBS, and fixed in 4% paraformaldehyde. The remaining kidney segments were
frozen in liquid nitrogen and stored at —80 °C for later tests.

2.2. Culture and Treatment of Primary Renal Cells from Carp Kidney

Healthy carp were selected, then the body surface was first wiped with 0.1% potassium
permanganate solution, followed by disinfection with 75% ethanol at the dissection site. Ap-
proximately 0.5 cm? of renal tissue was aseptically excised. After removal of surface blood
clots and peritoneal tissue, the tissue was minced and rinsed 3—4 times with phosphate-
buffered saline (PBS). The renal tissues were transferred into EP tubes, digested with 0.25%
trypsin, and placed in a 28 °C water bath for 5 min with manual shaking every minute.
After digestion, the trypsin solution was aspirated, and the tissues were completely dissoci-
ated with complete MI99 medium [24]. The cells were then seeded into six-well plates at
densities ranging from 2 x 10° to 8 x 10° cells per well. The culture medium consisted of
complete MI99 medium supplemented with 12% fetal bovine serum (Haixing Biological
Technology Co., Ltd., Suzhou, China) and 1% penicillin-streptomycin (Solarbio Science &
Technology Co., Ltd., Beijing, China). Cells were maintained at 28 °C in a 5% CO; incubator.
When the cell reached 80% confluency, the cultures were divided into three groups: Control
group, 60 uM TBBPA group, 2.5 pg/L TPs group, and a 60 uM TBBPA + 2.5 ng/L TPs
group. After 24 h of treatment, cells were harvested for subsequent analysis.

Cell viability was assessed using a Cell Counting Kit-8 (CCK-8; Jiancheng Biotech-
nology Co., Ltd., Nanjing, China). Renal primary cells were seeded in 96-well plates, and
complete medium supplemented with varying concentrations of TBBPA (0, 20, 40, 60, 80,
100, or 120 uM) was added to each well. The Con group received medium with 0.1% DMSO
(v/v). After 48 h of incubation, the medium was discarded, and 10 pL of CCK-8 solution
was added to each well before incubation at 28 °C for 2 h. The absorbance was measured
at 450 nm using a microplate reader. The viability of primary renal cells could reach 80%
after being treated with 60 uM TBBPA (Figure S1). Then, 60 uM TBBPA was used for
subsequent experiments.

69



Animals 2025, 15, 2307

2.3. Histological Analysis

Fresh carp renal tissues were fixed in 4% paraformaldehyde (PFA), dehydrated
through a graded ethanol series, cleared in xylene, and embedded in liquid paraffin.
After solidification, the paraffin blocks were sectioned at 5 um thickness. Following dewax-
ing and hydration, the sections were stained with hematoxylin and eosin (HE) [25]. The
stained sections were sealed, and the morphology of the renal tissues was observed and
photographed under a microscope (Olympus Optical Co., Ltd., Tokyo, Japan). Three tissue
blocks per group were analysed (1 = 3).

2.4. TUNEL Analysis

Renal tissues were rinsed with PBS before paraffin embedding. The paraffin-embedded
sections were dewaxed in xylene and rehydrated through a graded ethanol series (70%, 80%,
95%, 100%), followed by incubation with proteinase K working solution at 37 °C. Subse-
quently, the sections were sequentially stained with terminal deoxynucleotidyl transferase
(TdT) and deoxyuridine triphosphate (dUTP) solutions. Following reaction termination,
the sections were washed to remove residual reagents and mounted for microscopic analy-
sis [26]. Fluorescence microscopy (Olympus Optical Co., Ltd., Tokyo, Japan) was performed
to examine the fluorescence signals in the renal tissues. Three tissue blocks per group were
analysed (n = 3).

2.5. Oxygen Radical Detection

The renal tissue was trimmed into 1 mm? pieces and sectioned. Using fine-tipped
forceps, the tissue was gently dissociated by rubbing against a 300-mesh nylon net, followed
by PBS rinsing until complete tissue dissociation was achieved. A single-cell suspension
was prepared through resuspension, then incubated with a diluted DCFH-DA probe at
37 °C for 30 min. The probe-labeled single-cell suspension was collected, washed, and
resuspended. Fluorescence intensity was measured using a microplate fluorometer at an
excitation wavelength of 500 nm and an emission wavelength of 525 nm [22]. For the
in vitro experiments, the supernatant from TBBPA- and TPs-treated cells was discarded,
and cells were washed three times with PBS. The DCFH-DA probe was prepared by
1:1000 dilution in serum-free medium, and 1 mL of the diluted probe was added to each
well. Following incubation at 37 °C for 30 min, cells were washed three times with PBS
and analysed by fluorescence microscopy [27]. The ROS kit was purchased from Nanjing
Jiancheng Biotechnology Co., Ltd., Nanjing, China.

2.6. AO/EB Staining

Necrosis was observed using the acridine orange/ethidium bromide (AO/EB) double
dye kit (Leagene, Biotechnology Co., Ltd., Beijing, China). The treated cells were harvested
and mixed with AO/EB (acridine orange/ethidium bromide) at a 1:1 ratio in PBS to prepare
a working solution (10 pg/mL). The cell suspension was then replated in 6-well plates and
visualised by fluorescence microscopy (Olympus Optical Co., Ltd., Tokyo, Japan) [28]. Each
group included three independent biological replicates (1 = 3). Fluorescence images were
acquired. Quantitative analysis was performed using Image] 1.53e software.

2.7. Antioxidant Enzyme Detection

A 10% tissue homogenate was prepared by mixing 900 mL of physiological saline
with 0.1 g of sample in a homogeniser maintained in an ice bath. Collect the primary
renal cells, wash them 1-2 times with PBS, then centrifuge at low speed to pellet the
cells. Resuspend the cell pellet in 0.3-0.5 mL of PBS buffer, and homogenise the cells
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by grinding. Centrifuge at 3500 rpm for 10 min, and collect the supernatant for the
chromogenic reaction. Each group included three independent biological replicates (1 = 3).
Protein concentrations in tissues and cells were determined using a BCA protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA). The levels of superoxide dismutase (SOD),
glutathione (GSH), malondialdehyde (MDA), and catalase (CAT) in tissues and cells were
quantified using corresponding assay kits (Jiancheng Biotechnology Co., Ltd., Nanjing,
China) according to the manufacturer’s instructions.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA)

Protein expression levels of interleukin-1f3 (IL-1(), interleukin-6 (IL-6), and tumour
necrosis factor-o (INF-&) were measured in both renal tissues and isolated primary renal
cells using commercial ELISA kits from Andy Gene Biotechnology, China (catalogue num-
bers: E-43902 for IL-13, E-53219 for IL-6, and E-43904 for TNF-«). Each experimental group
included three biological replicates. All assay procedures, including sample preparation
and incubation conditions, were strictly followed according to the manufacturer’s instruc-
tions. The absorbance was measured at 450 nm using a Multiskan SkyHigh microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA).

2.9. Real-Time PCR

Renal tissues and primary renal cells were lysed with Trizol reagent (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s protocol for RNA extraction.
Total RNA concentration was assessed by UV spectrophotometry (Thermo Fisher Scientific,
Waltham, MA, USA). RNA was reverse transcribed into complementary DNA (cDNA)
using a reverse transcription kit (Vazyme Biotech Co., Ltd., Nanjing, China). Target genes
were denatured, annealed, and amplified in a 20 pL reaction system using a PCR 2720
Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA) and an ABI 7500 Real-Time
PCR System. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the
internal reference gene, and the results were expressed as 2~22¢t, Each group included
three independent biological replicates (1 = 3). Primer sequences are listed in Table 1.

Table 1. The primers used in the present study.

Gene Forward Primer (5'—3') Reverse Primer (5’ —3) Accession Number
PI3K CGGGAAACGAGCTCAATCAT CTCTCCAACAAATCCGCTCG KY763989

AKT CAACGGATGCGTCGTCTTCA GTGTGAGTCTCCAAACCCCT JX307852

IKB-« GGCTACGCCAAAGACCTG CGGACCTCGCCATTCATA AK313421

NF-xB p65 GAAGAAGGATGTGGGAGATG TGTTGTCGTAGATGGGCTGAG MN167531

IL-1B CTTCCACCCTCACAAACACATTCAAC AATATAGCGTCCAAGGCGTTCCATC EU047716

IL-6 CCGCATGGACTCGCAAGACG CGGTAGTTGATGTACTCGTCCTCC KC858890

TNF-« TCATGGGAGTAAGGCTGGTATT TCTTCAAAGGAATACAGGGGCT LN593053
Caspase-3 GCTGTGCTTCGTTAGTGT GAACCAAGAACCGCTCAT JAEOAB010000019
Bax ATGCGTGAATAAGGAGATGA AGACCGAAGACCGTTACT KJ174685

Bcl-2 GATACCGCAAGATTCCATACCC TCCTTTCTATCTCGTCTCCAG KJ174686

RIPK1 GGCTGCGTCGTTTGATA GTTGGCACCCACGTTCT MN123251

RIPK3 CAACGATGCCGTCTATGA GAAGGAGCTGTTTGGTGTCT 0OY720469

MLKL CTGGCACAACAATCTGA GAGACGCTGTAGAAGGAC BC028141

GAPDH GTTACAAGGGAGAAGTTCACCAT CCGGTAGACTCGACTACATACAG AJ870982

2.10. Western Blotting Assay

Proteins were extracted from the kidney and renal progenitor cells using lysis buffer,
the optical density (OD) values of standards and samples were measured using a BCA
Protein Assay Kit (Jiancheng Biotechnology Co., Ltd., Nanjing, China), and standard
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curves were generated to calculate sample protein concentrations. An appropriate SDS-
polyacrylamide gel concentration was selected based on the molecular weight of the target
proteins. The target bands were cut out according to the molecular weight markers. Target
protein bands were excised according to molecular weight markers and transferred to
nitrocellulose membranes by wet blotting at 220 mA. After transfer, the membrane was
blocked with 5% skim milk for 2 h at room temperature, then incubated with primary
antibody at 4 °C overnight. Subsequently, the membrane was incubated with diluted
secondary antibodies (goat anti-rabbit IgG and goat anti-mouse IgG) for 2 h at room
temperature in the dark for signal detection [29]. Each group included three independent
biological replicates (1 = 3). Antibodies used for Western blot analysis are listed in Table 2.

Table 2. Antibodies required for Western blot.

Name Cat No. Company Dilution Times
p-PI3K AF5905 Beyotime Biotechnology Co., Ltd., Shanghai, China 1:2000
P-AKT AA329 Beyotime Biotechnology Co., Ltd., Shanghai, China 1:1000
NE-«kB p65 AF1234 Beyotime Biotechnology Co., Ltd., Shanghai, China 1:1000
P-NF-«B p65 AF5875 Beyotime Biotechnology Co., Ltd., Shanghai, China 1:1000
IKB-« AF1282 Beyotime Biotechnology Co., Ltd., Shanghai, China 1:1000
p-IKB-« AF1870 Beyotime Biotechnology Co., Ltd., Shanghai, China 1:1000
Bax WL01637 Wanlei Life Sciences Co., Ltd., Shenyang, China 1:500
Bcl-2 WL01556 Wanlei Life Sciences Co., Ltd., Shenyang, China 1:500
Caspase-3 WL04004 Wanlei Life Sciences Co., Ltd., Shenyang, China 1:500
RIPK3 47928T Cell Signaling Technology, Inc., Boston, MA, USA 1:1000
p-RIPK3 93654T Cell Signaling Technology, Inc., Boston, MA, USA 1:1000
MLKL 14993T Cell Signaling Technology, Inc., Boston, MA, USA 1:1000
p-MLKL 3733T Cell Signaling Technology, Inc., Boston, MA, USA 1:1000
GAPDH WL01114 Wanlei Life Sciences Co., Ltd., Shenyang, China 1:1000

2.11. Statistical Analysis

Data were analysed using GraphPad Prism 10 software. One-way analysis of variance
(ANOVA) was used to calculate the difference between the values. All experiments included
triplicate biological replicates (n = 3). Statistical significance was determined as follows:
(*,p <0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

3. Results
3.1. TPs Mitigated TBBPA-Induced Renal Injury

Histopathological analysis demonstrated that TBBPA exposure induced renal damage
compared to the Con group (Figure 1A,B), characterised by renal tubular oedema and
rupture, tissue congestion, and inflammatory cell infiltration. After TPs intervention,
although residual congestion persisted in renal tissues, renal tubular morphology showed
improvement (Figure 1C). No morphological alterations were observed in the TPs group
(Figure 1D).

3.2. TPs Mitigated the Oxidative Stress Induced by TBBPA in Renal Tissue

Compared to the Con group, the TBBPA group exhibited significantly higher ROS lev-
els in carp renal tissues (p < 0.0001). TPs treatment reduced ROS accumulation (Figure 2A).
Fluorescence was used to detect the expression of reactive oxygen species (ROS) in primary
renal cells from carp kidney. TBBPA exposure elevated oxidative stress levels in cells. The
green fluorescence intensity was reduced by TPs treatment (Figure 2E-H). The results
showed that MDA levels were significantly higher (p < 0.0001) in the TBBPA group than in
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the Con group in tissue and cells, but TPs treatment effectively reduced them (p < 0.001)
(Figure 2B,I). Antioxidant enzyme activity results are presented in Figure 2C,D,], K. Com-
pared with the Con group, the TBBPA group exhibited reduced CAT and SOD levels,
whereas TPs treatment significantly enhanced (p < 0.001) their activities.

Figure 1. Effects of TBBPA exposure and TPs intervention on the morphology of carp kidney.
(A) HE staining of kidney tissue in the Con group. (B) HE staining of kidney tissue in the TBBPA
group. (C) HE staining of kidney tissue in the TBBPA + TPs group. (D) HE staining of kidney tissue
in the TPs group. The black arrows in the figure indicate congestion of the renal tissue, the yellow
arrows indicate inflammatory cell infiltration, and the green arrows indicate oedema of the renal
tubules. The left figure is magnified 20x, and the right figure is magnified 40 x. Each group included
three independent biological replicates (1 = 3). The data are expressed as mean 4+ SEM and analysed
using one-way analysis of variance (ANOVA).
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Figure 2. Effects of TBBPA exposure and TPs intervention on renal oxidative stress of common
carp. (A) Changes in ROS levels in the kidney. (B) MDA content was detected in kidney tissue.
(C) SOD content was detected in the kidney. (D) CAT content was detected in the kidney. (E-
H) Changes in the content of ROS in cells, magnification 10x. (I) Detection of MDA content in
primary renal cells. (J) Detection of SOD content in primary renal cells. (K) Detection of CAT content
in primary renal cells. Each group consisted of three independent biological replicates (1 = 3). Data
are expressed as mean + SEM. Analysis was performed using one-way ANOVA. *, p < 0.05; **, p <
0.01; ***, p < 0.001; ***, p < 0.0001.

3.3. TPs Mitigated TBBPA-Induced Renal Inflammatory Injury

To further evaluate renal inflammatory responses, we examined the expression of
inflammatory factors IL-1f3, IL-6, and TNF-coc in both tissue and cells. The results demon-
strated that the mRNA levels of IL-1f, IL-6, and TNF-« remained comparable to those of the
Con group when TPs were given alone, whereas the mRNA levels of IL-18, IL-6, and TNF-«
were significantly elevated (p < 0.0001) by TBBPA exposure (Figure 3A-C,G-I). As shown
in Figure 3D-L, the protein levels of inflammatory factors followed the same trend as
their mRNA counterparts. The levels of inflammatory factors were significantly increased
(p <0.0001) in the TBBPA group. The levels of inflammatory factors were decreased after
the TPs intervention.
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Figure 3. Effects of TBBPA exposure and TPs intervention on the levels of inflammatory factors
in renal tissue. (A—C) The mRNA levels of inflammatory factors in renal tissue. (D-F) Protein levels
of inflammatory factors in renal tissue. (G-I) Expression levels of mRNA of inflammatory factors in
primary renal cells. (J-L) Expression levels of the protein of inflammatory factors in primary renal
cells. Each group included three independent biological replicates (1 = 3). The data are expressed as
mean + SEM. Analysis was performed using one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001;
** p < 0.0001.

3.4. TPs Mitigated TBBPA-Induced Activation of the PI3K/AKT/NF-xB Pathway

As shown in Figure 4A-F, TBBPA exposure significantly increased (p < 0.0001) both
PI3K and AKT levels at the mRNA and protein levels in tissues and cells compared with
the Con group. p-PI3K and p-AKT were also markedly increased (p < 0.0001) in the TBBPA
group. TPs treatment significantly reduced (p < 0.0001) these phosphorylation levels.
TBBPA exposure significantly upregulated (p < 0.0001) phosphorylated IKB-« (p-IKB-o)
and phosphorylated NF-«B (p-NF-«B) at both the transcriptional and translational levels
(Figure 4A-F) compared to the Con group. TPs treatment significantly decreased (p < 0.001)
the protein levels of both p-IKB-« and p-NF-«B.
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Figure 4. Effects of TBBPA exposure and TPs intervention on the expression of the PI3K/AKT-
NF-kB pathway. (A) The mRNA levels of key proteins in the PI3K/AKT/NF-«kB pathway in renal
tissue. (B,C) Expression levels of key proteins in the PI3K/AKT/NF-«kB pathway in renal tissue.
(D) The mRNA levels of key proteins in the PI3K/AKT/NF-kB pathway in primary renal cells.
(EF) Levels of key proteins in the PI3K/AKT/NF-«kB pathway in primary renal cells. Each group
included three independent biological replicates (1 = 3). Data are expressed as mean 4= SEM. Analysis
was performed using one-way analysis of variance (ANOVA). **, p < 0.01; ***, p < 0.001; ***, p <
0.0001.

3.5. TPs Reduced TBBPA-Induced Renal Cell Apoptosis

TUNEL results demonstrated that the number of apoptotic cells in kidney tissues was
significantly elevated (p < 0.001) in the TBBPA group compared with the Con group. This
apoptotic effect was significantly reduced (p < 0.0001) after TPs intervention (Figure 5A,B).
As shown in Figure 5C,F, the mRNA levels of Caspase-3 and BAX were significantly in-
creased (p < 0.001) in the renal tissue and primary renal cells after TBBPA exposure, while
the mRNA levels of the anti-apoptotic gene BCL-2 were significantly decreased (p < 0.0001).
TPs intervention decreased (p < 0.05) Caspase-3 and BAX mRNA levels while increasing BCL-
2 expression. Western blot results similarly showed that the protein levels of Caspase-3 and
BAX were significantly increased (p < 0.0001) after TBBPA exposure (Figure 5D,E,G,H). At
the same time, those of BCL-2 were significantly decreased (p < 0.0001). Caspase-3 and BAX
protein levels were significantly decreased (p < 0.001), downregulated, and BCL-2 protein
levels were significantly increased, upregulated, after TPs intervention (Figure 5D,E,G,H).

3.6. TPs Mitigated TBBPA-Induced Renal Cell Necrosis

Figure 6A E demonstrate that TBBPA exposure significantly elevated (p < 0.001) the
mRNA levels of receptor-interacting protein kinase 1 (RIPK1), receptor-interacting protein
kinase 3 (RIPK3), and mixed lineage kinase domain-like protein (MLKL) in tissues and
cells, while TPs intervention effectively reversed this effect. The results of acridine orange
and ethidium bromide (AO/EB) staining are shown in Figure 6D. Compared with the Con
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group, the number of apoptotic and necrotic cells after TBBPA exposure was increased, and
the number of apoptotic and necrotic cells after TPs intervention was significantly decreased.
Western blot analysis revealed that the protein levels of phosphorylated RIPK3 (p-RIPK3)
and phosphorylated MLKL (p-MLKL) were markedly upregulated (p < 0.0001) upon TBBPA
treatment, which were subsequently attenuated by TPs administration (Figure 6B,C,EG).
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Figure 5. Effects of TBBPA exposure and TPs intervention on renal apoptosis of common carp.
(A) TUNEL results of kidney tissue; green represents apoptosis. (B) Tunnel fluorescence ratio. (C) The
mRNA expression of Caspase-3, BAX, and BCL-2 genes in the kidney. (D,E) Protein expression levels
of Caspase-3, BAX, and BCL-2 in the kidney. (F) The mRNA expression of Caspase-3, BAX, and
BCL-2 in primary renal cells. (G,H) Protein expression of the Caspase-3 gene and BAX and BCL-2 in
primary renal cells. Each group included three independent biological replicates (n = 3). Data are
expressed as mean = SEM. Analysis was performed using one-way ANOVA. *, p < 0.05; **, p < 0.01;

% p < 0.001; ***, p < 0.0001.
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Figure 6. Effects of TBBPA exposure and TPs intervention on renal necrosis of carp. (A) The
mRNA expression of RIPK1, RIPK3, and MLKL genes in the kidney. (B,C) Expression levels of RIPK1,
RIPK3, and MLKL proteins in the kidney. (D) AO/EB results. Orange represents apoptotic cells, and
red represents necrotic cells. Magnification 10x. (E) The mRNA expression of RIPK1, RIPK3, and
MLKL genes in renal primary cells. (F,G) Protein expression levels of RIPK1, RIPK3, and MLKL in
primary renal cells. Each group included three independent biological replicates (n = 3). Data are
expressed as mean + SEM. Analysis was performed using one-way analysis of variance (ANOVA).
**, p <0.01; ***, p < 0.0001.
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4. Discussion

TBBPA is the most widely produced brominated flame retardant globally and is a
widespread persistent organic pollutant in the environment [5]. Studies have demonstrated
that TBBPA adversely affects the survival, reproduction, and development of various
aquatic organisms [30]. Tea polyphenols are a general term for polyphenols in tea, which
exhibit pharmacological effects such as antioxidant, antiviral, and antibacterial properties
[31]. Tea polyphenols (TPs) not only enhance the antioxidant capacity of common carp
but also modulate the gut microbiota composition, thereby preventing intestinal barrier
dysfunction. Specifically, TPs alleviate Aeromonas hydrophila-induced intestinal barrier
damage in grass carp by inhibiting the RhoA /ROCK signalling pathway, and upregulating
the expression of tight junction and adherens junction proteins [32]. Additionally, TPs
enhance non-specific immunity and exert anti-inflammatory effects in koi carp by suppress-
ing pro-inflammatory cytokines (IL-13, IL-6) via the NF-«B pathway, while altering gut
microbial structure (increasing Proteobacteria and reducing Fusobacteria abundance) [33].
The aim of this study was to investigate the protective effects of tea polyphenols on TBBPA-
induced renal inflammation, apoptosis, and necroptosis. The results indicated that TBBPA
induced inflammation, apoptosis, and necroptosis in kidney tissues and primary renal cells
of common carp, whereas TPs intervention mitigated these effects.

The common carp is a freshwater fish of the genus Cyprinus. The kidneys of freshwa-
ter fish play a pivotal role in maintaining water and electrolyte homeostasis. In freshwater
environments, fish excrete excess water while retaining salts via renal filtration and active
tubular reabsorption, particularly of sodium chloride, to adapt to hypoosmotic condi-
tions [34,35]. This process relies on efficient glomerular filtration and tubular reabsorption
mechanisms. At the molecular level, TBBPA may interfere with renal excretory function
by reacting with biotransformation enzymes such as glutathione, reducing its bioavail-
ability [36]. Freshwater fish kidneys regulate acid-base balance and ammonia excretion,
primarily through NH;" elimination and H* /HCO;3; ™ reabsorption. However, ammonia
imbalance induces renal oxidative stress and structural damage. Zhang et al. [37] demon-
strated that ammonia exposure upregulates CPS I expression in yellow catfish kidneys,
activating glutamine synthesis while still causing oxidative stress and immunosuppression.
Dietary supplementation with 5% TCE (Thalassodendron ciliatum extract) enhances an-
tioxidant capacity in tilapia, mitigates ammonia-induced oxidative stress, and may provide
renal protection [38].

An imbalance between oxidation and antioxidant defence systems leads to excessive
ROS production. This triggers oxidative stress, which ultimately causes tissue damage.
Zhang et al. demonstrated that TBBPA induces ROS overproduction and upregulates
antioxidant enzymes. Malondialdehyde (MDA), an oxidative stress marker, induced ox-
idative stress in L02 cells [39]. The results showed that elevated concentrations of ROS
and MDA were observed in kidney cells after TBBPA exposure. SOD acts as the primary
defence against ROS by detoxifying superoxide anions. CAT, on the other hand, scavenges
hydrogen peroxide, which further protects the cells from the damage caused by ROS [40].
TBBPA intervention significantly reduces the expression of SOD and CAT in mouse skeletal
muscle and C2C12 cells [41]. Consistently, this study showed that the expression levels
of SOD and CAT were significantly decreased in the kidney and primary renal cells of
common carp after TBBPA treatment. TPs are potent antioxidants that scavenge free radi-
cals and regulate cellular ROS levels, counteracting oxidative damage [42]. Studies have
demonstrated that TPs increase serum CAT and SOD while decreasing MDA production in
rats [43]. These findings indicate that tea polyphenols can alleviate oxidative stress and en-
hance endogenous antioxidant defences. The results of this study demonstrate that dietary
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TPs can scavenge excess ROS and reduce MDA levels, thereby enhancing the antioxidant
capacity in the kidneys of common carp. The present findings are in concordance with the
well-documented antioxidant properties of TPs reported in prior studies.

It has been shown that ROS are important regulatory molecules of the PI3K/AKT
pathway and have a direct effect on AKT under oxidative stress [44]. The PI3K/AKT path-
way serves as an important upstream regulator of the NF-«kB signalling pathway [45]. PI3K
activation converts phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol
3,4,5-trisphosphate (PIP3), subsequently activating AKT. This activation leads to the release
of inhibited NF-«kB by phosphorylating IKB-«, which in turn initiates the transcription
of pro-inflammatory genes [46]. In this study, the PI3K/AKT/NF-kB pathway was ac-
tivated, and the expression levels of IL-1§3, IL-6, and TNF-« were increased in common
carp renal tissue and primary renal cells after TBBPA exposure. These results demonstrate
that TBBPA activates the PI3K/AKT/NF-«B signalling pathway, thereby upregulating
inflammatory factors and triggering inflammatory responses. TPs are considered natural
compounds with anti-inflammatory potential. Previous studies have shown that green
tea polyphenols can mitigate TBBPA-induced oxidative stress and alleviate inflammatory
responses by inhibiting NF-kB activation and reducing lung injury in mice [47]. The current
study demonstrated that TPs inhibited PI3K/AKT/NF-«B pathway activation and reduced
production of inflammatory factors (IL-1f3, IL-6, and TNF-«).

The pro-apoptotic proteins Caspase-3 and Bax and the anti-apoptotic protein Bcl-2
can regulate apoptosis. Xu et al. demonstrated that TBBPA induces gastric mucosal apop-
tosis by upregulating Caspase-3 through ROS-mediated NF-«B activation [8]. This study
demonstrated that TBBPA exposure upregulated Caspase-3 and BAX while downregulating
BCL-2 in common carp renal tissues and primary renal cells, indicating TBBPA activates
apoptotic pathways through these molecular changes. Ma et al. demonstrated that against
TBBPA-induced damage, TPs could enhance the antioxidant capacity and decrease the
expression of pro-apoptotic genes in the gills of grass carp, thereby inhibiting excessive
apoptosis and alleviating inflammation [33]. Consistent with these findings, our study
demonstrated that TPs protected common carp renal tissues by attenuating apoptosis. TPs
also reduce apoptosis-related genes (Caspase-3, BAX, BCL-2) and attenuate apoptosis in
renal tissues and primary renal cells.

Cell death is a crucial process in organism development and homeostasis, with apopto-
sis and necrosis being the two main modes of cell death [4]. RIPK3 and its substrate MLKL
are considered core cellular regulators of programmed necrosis, while TNF family cytokines
such as TNF-« can medjiate activation of the RIPK3/MLKL pathway [48]. Xu et al. showed
that TBBPA exposure significantly increased the expression levels of necroptosis-related
genes RIPK3 and MLKL, leading to gastric mucosal necrosis in mice. The results of this
study showed that the expression levels of necrosis-associated genes RIPK1, RIPK3, and
MLKL were significantly elevated in common carp kidneys and renal progenitor cells after
TBBPA exposure, indicating that TBBPA exposure activates the RIPK3/MLKL signalling
pathway to induce necrosis in common carp kidneys.

5. Conclusions

Dietary supplementation with TPs suppresses TBBPA-induced excessive ROS production,
thereby alleviating oxidative stress in the kidney and primary renal cells of common carp. This
inhibition further blocks the PI3K/AKT /NF-«B signaling pathway, mitigating inflammatory
injury, apoptosis, and necroptosis. The potential synergistic effects between tea polyphenols
and other antioxidants (e.g., vitamin E, selenium) warrant further investigation.
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Simple Summary: This study explores how low-protein amino acid-balanced (LPAB)
diets with Astragalus polysaccharides (APSs) influence laying hens under heat stress. The
results show that APSs and LPAB diets can mitigate the adverse effects of heat stress on
hens. APSs mainly regulate the secretion of gonadotropin by reducing the concentration
of corticosterone in serum, thereby increasing the concentration of follicle-stimulating
hormone (FSH) and FSH receptor (FSHR) mRNA expression to regulate primary follicle
development and increase the egg production rate. While low-protein diets improve yolk
color and boost FSH, they also decrease immunoglobulin and triglyceride levels. Adding
APSs enhances immunoglobulin concentrations and helps recover cholesterol levels. LPAB
diets and APSs can both enhance cholesterol uptake and suppress its synthesis. Overall,
LPAB diets and APSs are deemed valuable feeding strategies for improving production
performance and alleviating heat stress in laying hens.

Abstract: The objective of the study was to investigate the effects of low-protein amino
acid-balanced (LPAB) diets supplemented with Astragalus polysaccharides (APSs) on the
production performance, antioxidants, immunity, and biochemical index of laying hens in
an elevated-temperature environment. Fifty-two-week-old Hy-Line Brown chickens (1 =
768) were randomly divided into four groups, with eight replicates of 24 hens each. The
control group was kept at 24 °C with a basal diet (CON), while the treatment groups were
exposed to 32 °C and given the following diets: basal (HB), LPAB (HL), and LPAB with
0.5% APSs (HLA). Under heat stress, APSs increased the egg production rate and number
of small white follicles, improved the yolk color, and lowered the feed conversion ratio.
LPAB diets increased follicle-stimulating hormone, antioxidant enzyme activities, and
anti-inflammatory cytokine activity and up-regulated related genes, whereas they reduced
stress-related hormones, malondialdehyde concentrations, and triglyceride concentrations
and down-regulated related genes. The addition of APSs enhanced immunoglobulin
concentrations and cholesterol recovery and altered the expression of related genes. The
study found that the adverse effects of high temperatures are directly related to oxidative
stress. LAPB diets and APSs relatively alleviate these adverse effects. Therefore, the
importance of feeding strategies such as LPAB diets and APSs for laying hens under heat
stress conditions has been identified.
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1. Introduction

Rising ambient temperatures beyond the thermoneutral zone are a primary cause
of heat stress in poultry, impairing performance [1], while in southern China, summer
heat readily triggers acute or chronic stress in laying hens because they lack sweat glands
and have dense plumage [2,3]. Heat stress directly damages proteins and indirectly gen-
erates ROS [4]. High temperatures also bring about adverse effects such as reduced feed
conversion ratio (FCR), feed intake, body weight, egg production, egg weight, and egg
quality, which can lead to severe egg loss [5,6]. In addition, high-temperature environ-
ments can lead to an increase in plasma corticosterone (CORT) concentrations and affect
humoral and cellular immune responses, potentially leading to immune dysfunction [7,8].
Moreover, a study has shown that heat stress impairs leukocyte protein synthesis, low-
ers plasma immunoglobulin G (IgG), immunoglobulin M (IgM), and anti-inflammatory
cytokine concentrations, and increases the levels of pro-inflammatory cytokines [9].

To counter high temperatures, farmers often use wet curtain cooling and mechanical
ventilation. However, these temperature control systems are expensive and hard to main-
tain consistently in large or open-sided poultry houses. Crude protein has a higher thermic
effect because it generates a greater caloric increment [10]. Reducing protein levels in laying
hen diets and supplementing with synthetic amino acids to meet essential amino acid
(EAA) needs may be a better strategy. Studies have shown that reducing dietary protein
levels from 16.5% to 12% under heat stress conditions and supplementing EAAs can im-
prove the resistance of laying hens to heat stress while maintaining laying performance [11].
Dietary supplementation of methionine and L-lysine can improve protein utilization and
production performance [12,13].

In addition, Astragalus polysaccharides (APSs) play a role due to their anti-inflammatory,
immune stimulation, and antioxidant effects [14,15]. In the APS group, the serum levels
of tumor necrosis factor-« (TNF-«), interleukin-1p (IL-1$), and interleukin-6 (IL-6) were
significantly decreased, and the expression of related genes was also down-regulated [16].

This study investigates the effects of APSs on the production performance, antioxi-
dants, immunity, and lipid metabolism in heat-stressed laying hens based on a low-protein
amino acid-balanced diet to provide a reference. This helps to develop a heat stress mitiga-
tion strategy that is more suitable for laying hen production systems.

2. Material and Methods
2.1. Experimental Design and Diets

In the same hen house, 768 Hy-Line Brown laying hens (52 weeks old), with nearly the
same body weight, were randomly divided into 4 experimental groups, with 8 replicates in
each group and 24 hens in each replicate. Laying hens were observed for 10 days to record
individual egg production, feed intake, and health status. The experiment was conducted
when the hens were between 52 and 58 weeks of age. According to the egg production,
individuals with low egg production or seemingly weak egg production were excluded,
and then, the remaining hens were randomly divided into groups. The control group
(CON) was kept at a constant 24 £+ 1 °C, and the treatment groups (TRT) were exposed
to 32 £ 1 °C for 7 h per day (heat stress). Experimental laying hens were from Jurong
Haoyuan Ecological Agriculture Technology Co., Ltd. (Zhenjiang, China). The control
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diet based on maize—soybean meal was formulated to supply the nutrient requirements
of the birds [17] (Table 1); the crude protein (CP) level in the basal diet was 15.85%, and
in the low-protein diet, it was 13.85%. The CON was fed with basal diet, while the TRT
groups were fed with basal diet (HB), low-protein amino acid-balanced (LPAB) diet (HL),
and LPAB diets supplemented with 0.5% APSs (HLA). During the experimental period,
the hens had unrestricted access to feed and water under a lighting programme of 16 h
light: 8 h dark. The chicken cage was a three-layer cage with a length of 40 cm x width
of 37 cm X height of 37 cm. Each cage was equipped with a trough and two automatic
water dispensers. The diets were prepared, respectively, and all the diets used the same
batch of corn, soybean meal and other ingredients. The test additive was APSs powder,
purity 98% (w/w), supplied by Xi’an Shennong Technology Co., Ltd. (Xi’an, China).
The polysaccharide was extracted from dried Astragalus membranaceus roots by combined
ethanol-water extraction, followed by deproteinization, decoloration and lyophilization,
yielding a water-soluble, off-white powder. Immediately before diet preparation, APSs
were first pre-blended with ten times its weight of corn meal to ensure homogeneity, then
incorporated into the basal mash at 0.5% (w/w) using a horizontal ribbon mixer (5 min
mixing time). Heat stress was applied in climate-controlled rooms. From 09:00 to 16:00
each day, temperature was maintained at 32 £ 1 °C and relative humidity at 65 £ 5% using
a PID-regulated combination of electric heaters and a variable-speed wet-curtain system;
outside this period the rooms were held at 24 + 1 °C.

Table 1. Composition and nutrient levels of basal diets (g/kg air-dry basis).

Ingredients Basic Diet Low-Protein Diet
Corn 632 672
Soybean meal 230 163
Wheat bran 33.5 57.5
Calcium dihydrogen phosphate 6.30 6.30
Limestone 91.2 91.7
Sodium chloride 3.00 3.00
DL-Methionine (990 g/kg) 1.50 1.80
L-lysine HC1 0.00 1.60
L-threonine 0.00 0.90
L-tryptophan 0.00 0.40
! Premix 2.50 2.50
2 Nutrient components

ME (M]/kg) 11.0 11.0
Crude protein 154 132
Crude fiber 25.9 24.3
Calcium 35.5 35.5
Total phosphorus 5.00 4.90
Nonphytate phosphorus 2.42 2.36
Methionine 3.86 3.88
Lysine 7.81 7.81
Threonine 5.85 591
Tryptophan 1.81 1.83

! The premix provided following per kg of the diet: VA 225 K IU, VD3 60 K IU, VE 360 K IU, VK3 35 mg, VB,
0.30 mg, Nicotinic 700 mg, Cu (CuSOy4-5H,0) 500 mg, Fe (FeSO4-H,0) 990 mg, Zn (ZnSO4-H,0) 1130 mg, Mn
(MnSO4-H,0) 1700 mg. ? The contents of methionine, lysine, threonine and tryptophan were measured values
and others were calculated values.

2.2. Animals and Sample Collection

During the experiment, the total egg production, total egg weight, feed intake and
mortality number were recorded every day, and the average egg weight, egg production
rate, breakage rate (broken egg number/total egg number), mortality rate, average daily
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feed intake and FCR were counted with repetition as the unit. Three eggs were randomly
selected from each replicate on day 40, day 41 and day 42 for egg quality analysis. Eggshell
strength was measured by Egg Force Reader (Orka Technology Ltd., West Bountiful, UT,
USA). Eggshell thickness was measured by Egg Force Shell Thickness (Orka Technology
Ltd., West Bountiful, UT, USA). The egg shape index was calculated as the vertical diameter
divided by the horizontal diameter, following the NY /T 823-2020 method [18]. Egg yolk
weight and egg weight were measured by electronic balance (precision, 0.01 g) to calculate
the relative egg weight. The egg yolk color, albumen height and Haugh unit were measured
by Egg Nnalyzer™ (Orka Technology Ltd., West Bountiful, UT, USA). On day 42 of the
experimental period, 24 healthy Hy-Line laying hens were randomly selected from each
treatment, and blood samples were taken from their brachial veins. The blood samples were
centrifuged at 826 x g for 10 min to prepare serum, which was then divided into enzyme-
free tubes and stored in a —20 °C freezer. Experimental laying hens were euthanized after
cervical dislocation, the ovary and liver were removed after death, the ovary was rinsed
with cold PBS, and the number of follicles in the ovaries was determined by diameter, small
white follicle (SWF, 2-4 mm), big yellow follicle (BYF, 4-10 mm), graded follicle (GF, diame-
ter > 10 mm) and the number of follicles in the ovaries was counted [19], and all visible
hierarchical and pre-hierarchical follicles were carefully removed. The remaining ovarian
tissue (excluding the follicles) was then rapidly frozen in liquid nitrogen and stored at
—80 °C until RNA extraction for determining the mRNA expression of follicle-stimulating
hormone receptor (FSHR), luteinizing hormone receptor (LHR), estrogen receptor 1 (ESR1),
estrogen receptor 2 (ESR2), 3-actin, superoxide dismutase (SOD1), nuclear factor erythroid
2-related factor 2 (Nrf2), glutathione peroxidase (GPx), tumor necrosis factor-o (TNF-a),
IL-1B, interleukin-10 (IL-10), interferon-y (IFN-7), sterol regulatory element-binding protein
(SREBP2), 3-hydroxy-3-methylglutaryl-CoA (HMGCR), low-density lipoprotein receptor
(LDLR).

2.3. Measurement of Serum Hormone, Antioxidant, Immunoglobulin, Inflammatory and
Biochemical Indicators

Serum concentration of adrenocorticotropic hormone (ACTH), CORT, estradiol (E;),
FSH, LH and progesterone (P4) were measured using a one-step sandwich ELISA with
a double antibody kit from Elabscience (Houston, TX, USA). Serum concentration of im-
munoglobulin A (IgA), IgG, and IgM, inflammatory factors IL-1§3, interleukin-6 (IL-6),
IL-10, monocyte chemokine-1 (MCP-1), IEN-y, and tumor necrosis factor-o (TNF-x) were
measured using ELISA kits purchased from Shanghai Yubo Biotechnology Co., Ltd. (Shang-
hai, China). The total protein concentration in the serum was measured using a kit, and the
activities of total SOD (T-SOD), GPx, total antioxidant capacity (T-AOC), and malondialde-
hyde (MDA) were measured using kits purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Total protein (TP), albumin (ALB), globulin (GLB), serum to-
tal cholesterol (T-CHO), high-density lipoprotein cholesterol (HDL-C), LDL cholesterol
(LDL-C), triglyceride (TG) and glucose (GLU) content, as well as the activity of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) were measured in the serum
using a UniCel DXC 800 Synchron fully automated biochemical analyzer (Beckman Coulter
Inc., Brea, CA, USA).

2.4. Expression of Gonadotropin-Releasing Hormone mRNA in the Liver and Ovaries

Total RNA isolation, cDNA synthesis, and quantitative PCR were performed according
to the methods described in a previously published paper [20]. The specificity of the primers
was confirmed by melting curve analysis. The reference gene was B-actin, and the primer
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2 —AACt

sequences for each gene are listed in Table 2. The method was used to calculate the

relative expression levels of the target genes.

Table 2. Sequences of the primers for the target genes.

Target Genes Primer Sequences (5'—3) Size/bp Accession No.
FSHR RAGTGCACCTTATGGACGACG 300 N_205075.
LHR RTGGTGTCTTTATICGCGGCT 133 NM_204536.
ESRI RGACATCCTCTCACGAATGE 150 NC 0060903
ESR? RTAGGACGACTCACCAACA 167 NC 00g092.3
prctin RATCTTCTCCATATCATCCS 259 K173
sop: RTGCTTGCCTICAGGATTAAAGTGAG % NM_205064.
N2 RTCCACAGCGGGAATCAGAAAGATC 5 NM_205117.1
cex RTGTTCCCCCAACCATITCTC 28 NM_ 001277853
TN RAAGAGGCCACCACACGACAG 100 N 0525451
i-1g RGACGGGCTCAAAAACCTCCT 04 NC.052550.1
110 RTCCCGTTCTCATCCATCTTCTC 163 NMLOOLODA414
IRy RGACTGGCTCCTTTICCTITG 150 Agoi2245
SREBP? A A A S ACATG 102 XM 015289037
HMGCR R TTCOATAGAGGGAAGAGGOAAG 137 N 204853
LDLR F:CATCAGCTTCGGGAACCCTC 9% NM 204452 1

R:CTGTGCACACTCCGCTGT

2.5. Statistical Analysis

Microsoft Excel 2019 (v. 1808, Microsoft, Redmond, WA, USA) was used for prelimi-
nary data processing. Statistical analysis was conducted using SPSS software, version 19.0
(SPSS Inc., Chicago, IL, USA). Prior to all parametric tests, the homogeneity of variances
was assessed using Levene’s F-test. One-way analysis of variance (ANOVA) was performed
to compare differences among the four experimental groups (CON, HB, HL, and HLA),
followed by post hoc multiple comparisons using Tukey’s test. The experimental design
was not a fully factorial arrangement. Specifically, the LPAB and APS treatments were only
applied under heat stress conditions (32 °C), while the thermoneutral group (24 °C) re-
ceived only the basal diet. Therefore, temperature, protein level, and APS supplementation
were not treated as independent factors in a multifactorial model. Data were presented as
mean and pooled standard error of the mean (SEM), and statistical significance was set
atp <0.05.
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3. Results
3.1. Production Performance and Follicle Development

As presented in Tables 3 and 4, compared with the CON, the breakage rate, mortality,
average daily feed intake and average egg weight of HB, HL and HLA were not significantly
different. In terms of egg production rate (EPR), the CON was the highest, and HB and HL
were significantly decreased (p < 0.05). Compared with CON, HL and HLA, the FCR of HB
worsened significantly (p < 0.05). The number of SWF in the CON, HL and HLA was more
than HB (p < 0.05).

Table 3. Effects of Astragalus polysaccharides in low-protein diet on production performance of

laying hens.
Items ! CON HB HL HLA SEM 2 p-Value
EPR (%) 83.30° 73.27 ¢ 76.22 bc 78.79 2 0.992 <0.001
Breakage rate (%) 0.17 0.34 0.36 0.24 0.040 0.318
Mortality (%) 0 0.15 0.11 0.14 0.046 0.674
ADFI (g) 103.14 106.04 101.70 100.50 0.775 0.059
Average egg weight (g)  64.67 63.22 63.69 63.45 0.848 0.364
FCR (g/g) 1.95°P 2302 211P 2.04° 0.035 <0.001
47 Mean values with different superscripts in the same row indicate significant differences between treatments
(p <0.05). n=8. ! EPR, egg production rate; FCR, feed conversion ratio; ADFI, average daily feed consumption.
2 SEM: standard error of mean.
Table 4. Effects of Astragalus polysaccharides in low-protein diet on follicular development of
laying hens.
Items ! CON HB HL HLA SEM 2 p-Value
SWEF 33.002 26.65P 31.002 30.13 2 0.654 0.001
BYF 6.38 6.88 6.88 7.00 0.265 0.857
GF 5.25 5.00 5.00 5.25 0.188 0.118
ab Mean values with different superscripts in the same row indicate significant differences between treatments
(p < 0.05). n = 6. ' SWE, small white follicles; BYF, big yellow follicle; GF, graded follicle. > SEM: standard error
of mean.
3.2. Egg Quality and Egg Components
According to Table 5, compared to the CON, the LPAB diets deepened yolk color
(p < 0.05). Temperature, protein level in the diets and APS addition had no significant effect
on albumen height, Haugh unit, yolk ratio, eggshell strength, eggshell thickness and egg
shape index (p > 0.05).
Table 5. Effects of Astragalus polysaccharides in low-protein diet on egg quality.
Items ! CON HB HL HLA SEM 2 p-Value
Albumen height (mm) 6.66 6.80 6.68 6.68 0.129 0.312
Haugh unit 78.91 82.40 78.25 84.20 1.051 0.138
Yolk color 5.17°¢ 5.85 be 6.38 2P 6.46 2 0.131 <0.001
Yolk ratio (%) 26.29 25.48 25.43 25.39 0.002 0.115
Eggshell strength (N) 4.17 4.05 4.11 4.19 0.110 0.971
Shell thickness (mm) 0.29 0.29 0.29 0.27 0.005 0.324
Egg shape index 1.31 1.29 1.32 1.30 0.005 0.507

2=¢ Mean values with different superscripts in the same row indicate significant differences between treatments
(p < 0.05). n = 24. ! The control group was maintained at 24 °C with a basal diet (CON), while all experimental
groups were exposed to 32 °C, fed a basal diet (HB), a low-protein amino acid-balanced (LPAB) diet (HL), LPAB
diet with 0.5% Astragalus polysaccharides (HLA). 2 SEM: standard error of mean.
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3.3. Serum Hormone Indicators and Relevant Gene Expression in the Ovary

According to Table 6, the HB had higher concentration of ACTH, CORT, whereas
FSH was lower compared to the other groups (p < 0.05). Additionally, the HL had higher
concentration of CORT compared to CON and HLA (p < 0.05). Figure 1 demonstrated that
the FSHR in the ovary was up-regulated in CON, HL and HLA (p < 0.05).

Table 6. Effects of Astragalus polysaccharides on serum hormone indexes in low-protein diet under
high-temperature environment.

Items ! CON HB HL HLA SEM 2 p-Value
ACTH (pg/mL) 400" 68.32 39.4P 430° 2.36 <0.001
CORT (ng/mL) 69.5 ¢ 86.5 2 80.3° 73.9°¢ 1.47 <0.001
E, (pg/mL) 376 373 366 381 3.45 0.195
FSH (mIU/mL) 12.252 8.39b 11.70 @ 12.532 0.49 0.005
LH (mIU/mL) 14.20 13.71 13.38 13.57 0.56 0.055
P, (pmol/mL) 1.20 1.23 1.20 1.27 0.03 0.151

2=¢ Mean values with different superscripts in the same row indicate significant differences between treatments
(p <0.05). n = 6. ! The control group was maintained at 24 °C with a basal diet (CON), while all experimental
groups were exposed to 32 °C, fed a basal diet (HB), a low-protein amino acid-balanced (LPAB) diet (HL), LPAB
diet with 0.5% Astragalus polysaccharides (HLA). CORT, corticosterone; Ej, estradiol; FSH, follicle-stimulating
hormone; LH, luteinizing hormone; Py, progesterone. 2 SEM: standard error of mean.
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Figure 1. Relative gene expression of productive hormone-related genes. CON: a group was main-
tained at 24 °C with a basal diet; HB: a group was exposed to 32 °C, fed basal diet; HL: a group was
exposed to 32 °C, low-protein amino acid-balanced diet; HLA: a group was exposed to 32 °C low-
protein amino acid-balanced diet with 0.5% Astragalus polysaccharides. n = 6; * indicates p < 0.05
relative to the control group. All data are expressed as mean £ SEM in the figure.

3.4. Serum Antioxidant Index and Relevant Gene Expression in the Liver

According to Table 7, T-SOD activity in CON was significantly higher than that in
HB and HL groups (p < 0.05), and HLA was significantly higher than that in HB group
(p < 0.05); MDA concentrations in the CON and HLA were lower than those in the HB and
HL (p < 0.05), and the HLA was higher than the CON (p < 0.05). GPx concentration in the
CON was higher than in the HB and HL (p < 0.05), the HB was lower than all other groups
(p < 0.05), and the HLA showed no significant difference compared with CON and HL
(p > 0.05). From Figure 2, the SOD1 and GPx in the liver were up-regulated in CON, HL
and HLA compared to HB (p < 0.05).
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Table 7. Effects of Astragalus polysaccharides in low-protein diet on antioxidation performance
of serum.

Items !

CON HB HL HLA SEM 2

p-Value

T-SOD (U/mL) 143.66 2 126.51 ¢ 133.49 P 137.21 2b 1.593
MDA (nmol/mL) 234.24 ¢ 338.78 2 329.64 2 289.27" 8.231

GPx (U/mL)

95.53 2 85.48 © 88.89 P 91.93 ab 0.973

T-AOC (U/mL) 6.28 5.76 6.41 6.41 0.116

<0.001
<0.001
<0.001
0.145

47¢ Mean values with different superscripts in the same row indicate significant differences between treatments (p
<0.05). 11 = 6. ! The control group was maintained at 24 °C with a basal diet (CON), while all experimental groups
were exposed to 32 °C, fed a basal diet (HB), a low-protein amino acid-balanced (LPAB) diet (HL), LPAB diet
with 0.5% Astragalus polysaccharides (HLA). T-SOD, total superoxide dismutase; MDA, malondialdehyde; GPx,
glutathione peroxidase; T-AOC, total antioxidant capacity. 2 SEM: standard error of mean.
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Figure 2. The mRNA expression of antioxidant-related genes. CON: a group was maintained at
24 °C with a basal diet; HB: a group was exposed to 32 °C, fed basal diet; HL: a group was exposed
to 32 °C, low-protein amino acid-balanced diet; HLA: a group was exposed to 32 °C low-protein
amino acid-balanced diet with 0.5% Astragalus polysaccharides. n = 6; * indicates p < 0.05 relative to
the control group. All data are expressed as mean & SEM in the figure.

3.5. Serum Immunoglobulin, Inflammatory Cytokine Indicators and Relevant Gene Expression in
the Liver

As presented in Tables 8 and 9, the HLA had the highest concentrations of IgA, IgG,
and IgM compared to the other groups (p < 0.05). Specifically, the CON had higher IgA
and IgM concentration compared to the HB and HL (p < 0.05), while the HB had lower IgG
and IgM concentration compared to the HL (p < 0.05). IL-13 concentration was higher in
the HB compared to other groups (p < 0.05), while the HL and HLA were not significantly
different from each other (p > 0.05), but were both higher than CON (p < 0.05). For IL-10,
the HLA showed a higher concentration than the other groups (p < 0.05), which did not
differ significantly from each other (p > 0.05). As shown in Figure 3, in the liver, the IL-1
mRNA level was highest in HB (p < 0.01), and was also higher in HL. and HLA than in
CON (p < 0.05). The relative expression level of IL-10 mRNA in HLA was significantly
higher than that in other groups (p < 0.05).

Table 8. Effects of Astragalus polysaccharides on serum immunoglobulin content of laying hens
under high-temperature environment in low-protein diet.

Items !

CON HB HL HLA SEM 2

p-Value

IgA (ug/mL)

157.83 P 139.11°¢ 144.97 € 256.07 2 8.69

IgG (mg/mL) 2.14b 201°¢ 2.11°P 2627 0.05

<0.001
<0.001
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Table 8. Cont.

Items CON HB HL HLA SEM 2 p-Value
IgM (ug/mL) 651.80 P 482.49 4 582.76 € 671.912 13.55 <0.001

a-d Mean values with different superscripts in the same row indicate significant differences between treatments

(p <0.05). n = 6. ! The control group was maintained at 24 °C with a basal diet (CON), while all experimental

groups were exposed to 32 °C, fed a basal diet (HB), a low-protein amino acid-balanced (LPAB) diet (HL),

LPAB diet with 0.5% Astragalus polysaccharides (HLA). IgA, immunoglobulin A; IgG, immunoglobulin G; IgM,

immunoglobulin M. 2 SEM: standard error of mean.

Table 9. Effects of Astragalus polysaccharides on serum inflammatory cytokines in laying hens under

high-temperature environment in low-protein diet.
Ttems ! CON HB HL HLA SEM 2 p-Value
IL-1B (pg/mL) 473.35 ¢ 598.33 2 511.92b 496.64 b 8.89 <0.001
IL-2 (pg/mL) 236.64 254.43 256.30 232.06 5.18 0.259
IL-6 (pg/mL) 21.88 26.62 24.61 21.00 0.86 0.074
IL-10 (pg/mL) 48.46° 45.60 44.45° 61.642 1.40 <0.001
MCP-1 (ng/mL) 0.58 0.50 0.59 0.53 0.02 0.152
TNF-o (pg/mL) 45.89 53.03 53.35 48.21 6.34 0.127
IFN-y (pg/mL) 66.00 63.88 69.09 70.84 8.32 0.253

47 Mean values with different superscripts in the same row indicate significant differences between treatments
(p <0.05). n = 6. ! The control group was maintained at 24 °C with a basal diet (CON), while all experimental
groups were exposed to 32 °C, fed a basal diet (HB), a low-protein amino acid-balanced (LPAB) diet (HL), LPAB
diet with 0.5% Astragalus polysaccharides (HLA). IL-1§3, interleukin 1 beta; IL-2, interleukin 2; IL-6, interleukin
6; IL-10, interleukin 10; MCP-1, monocyte chemokine-1; TNF-«, tumor necrosis factor-o; IFN-y, interferon-y.
2 SEM: standard error of mean.
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Figure 3. The mRNA expression of inflammatory-related genes. CON: a group was maintained
at 24 °C with a basal diet; HB: a group was exposed to 32 °C, fed basal diet; HL: a group was
exposed to 32 °C, low-protein amino acid-balanced diet; HLA: a group was exposed to 32 °C
low-protein amino acid-balanced diet with 0.5% Astragalus polysaccharides. n = 6; * indicates
p <0.05 and ** indicates p < 0.01 relative to the control group. All data are expressed as mean + SEM
in the figure.

3.6. Serum Biochemical Indicators and Relevant Gene Expression in the Liver

According to Table 10, T-CHO concentration was lowest in the CON compared to the
other groups (p < 0.05). In addition, the HL and HLA had lower T-CHO concentrations
and AST activity than the HB (p < 0.05). Moreover, the HL exhibited higher concentration
of HDL-C than the CON (p < 0.05), while the HB showed higher concentration of LDL-C
compared to the CON and HLA (p < 0.05). Regarding TG and GLU content, the CON had
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lower concentration than the TRT (p < 0.05), while the HL and HLA had lower concentration
than the HB (p < 0.05). From Figure 4, in the liver, the HMGCR mRNA level was highest
in HB (p < 0.01), and was also higher in HL and HLA than in CON (p < 0.05). LDLR was
up-regulated in CON, HL and HLA compared to HB (p < 0.05), and also higher in HL and
HLA than in CON (p < 0.05).

Table 10. Effects of Astragalus polysaccharides on serum biochemical indexes under high-temperature

environment in low-protein diet.

Items ! CON HB HL HLA SEM 2 p-Value
T-CHO (mmol/L) 2.51¢ 3912 3.28P 3.00° 0.29 <0.001
HDL-C (mmol/L) 0.54b 0.60 2P 0.632 0.59 ab 0.01 0.041
LDL-C (mmol/L) 1.26P 1422 1.33 b 1.26b 0.02 0.019
TG (mmol/L) 12.63 ¢ 20.332 16.41° 17.96 © 0.60 <0.001
AST/(U/L) 24172 24832 18.83b 20.67 ° 0.72 0.004
ALT (U/L) 180.35 186.82 185.01 174.02 5.98 0.313
TP (g/L) 52.50 55.68 54.28 56.17 0.72 0.279
ALB (g/L) 14.39 15.33 15.30 14.99 0.25 0.522
GLB (g/L) 38.00 38.00 39.00 39.33 0.45 0.657
A/G 0.38 0.41 0.39 0.38 0.01 0.791
GLU (mmol/L) 6.044 717 ¢ 7.952 7.67 P 0.14 <0.001

2-d Mean values with different superscripts in the same row indicate significant differences between treatments
(p <0.05). n = 6. ! The control group was maintained at 24 °C with a basal diet (CON), while all experimental
groups were exposed to 32 °C, fed a basal diet (HB), a low-protein amino acid-balanced (LPAB) diet (HL), LPAB
diet with 0.5% Astragalus polysaccharides (HLA). T-CHO, total cholesterol; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglyceride; TP, total protein; ALB, albumin; GLB,
globulin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; A /G, albumin/globulin; GLU, glucose.
2 SEM: standard error of mean.
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Figure 4. The mRNA expression of reproductive lipid metabolism-related genes. CON: a group was
maintained at 24 °C with a basal diet; HB: a group was exposed to 32 °C, fed basal diet; HL: a group
was exposed to 32 °C, low-protein amino acid-balanced diet; HLA: a group was exposed to 32 °C
low-protein amino acid-balanced diet with 0.5% Astragalus polysaccharides. n = 6; * indicates p < 0.05
and ** indicates p < 0.01 relative to the control group. All data are expressed as mean + SEM in
the figure.
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4. Discussion

4.1. Production Performance, Follicle Development, Serum Hormone and Related Gene Expression
in the Ovary

The results showed that heat stress led to a severe decline in EPR, and that low-protein
amino acid-balanced diets and APSs offset some of the effects of heat stress, but still not
to the same extent as the CON. Furthermore, the trend in FCR was consistent with EPR.
Previous studies have shown that high environmental temperatures disadvantageously
influence the production performance of birds, probably due to long-term behavioral,
metabolic and physiological changes in response to heat stress [21,22]. A lot of research
has shown that high dietary CP can result in reduced protein use and increased heat
output, while restricting consumption of protein and adding synthetic DL-methionine and
L-lysine could increase the efficiency of hens’ protein use and productivity [13,23]. CP has
a higher thermal gain and is conducive to more metabolism heat production compared to
fat and carbohydrate [24]. Therefore, a low-protein diet effectively mitigates heat stress
and boosts protein efficiency in laying hens. This process is achieved by supplementing
amino acids (AAs) in order to reduce feeding cost [25,26] and environmental pollution [27].
The mechanism of increased FCR in heat-stressed laying hens fed a low-CP diet is not
clear. Reduction in dietary CP (1-3%) did not significantly affect the egg weight and egg
production performance of laying hens with a balanced amino acid diet [28,29]. Moreover,
it has been reported that if synthetic AA (methionine, lysine, threonine, tryptophan and
ILE) is added, the CP in the egg diets can be reduced by 2% [30].

APS has many beneficial properties, such as anti-oxidation [31], immune regula-
tion [32,33], anti-inflammatory [34], hypoglycemic [35] and other biological activities. For
increased reactive oxygen species in laying hens due to heat stress, APS can be a kind of
inhibiting agent to decrease the side effects of heat stress. Normal ovulation relies on the
development of hierarchical follicles [36]. This study showed that the number of SWF
in the HL and HLA groups was higher than in the HB group, which may be due to the
APSs, which can promote blood circulation of laying hens and further promote follicular
development. The LPAB diets can reduce the adverse effects of heat stress, and APSs also
have antioxidant and anti-inflammatory effects, which have positive effects on protecting
follicular health.

ACTH is the main regulator of adrenal nutrition and fascicular steroidogenesis [37].
Under the conditions of this experiment, the high-temperature environment significantly
reduced the ACTH concentration in the serum of laying hens. In birds, gonadotropin-
releasing hormone released by the hypothalamus stimulates pituitary secretion of FSH and
LH, supporting follicular development and ovulation [38]. FSH and LH can promote the
formation of oocytes by stimulating the production of ovarian gonadal hormones (such
as By, Py, etc.) [39]. Studies have shown that the release of ACTH and CORT in serum is
affected under heat stress [40]. Studies have found that elevated serum ACTH and CORT
concentration under heat stress conditions inhibit the secretion of FSH and LH [41]. In
this experiment, the addition of APSs in the LPAB diet could reduce the concentration of
ACTH and CORT in serum, which was basically consistent with the above results. It can
be inferred that the possible mechanism is that the protein is metabolized in the body to
provide precursor products for hormone synthesis, or it may be directly involved in the
normal regulation of the hypothalamus—pituitary—ovarian axis that affects the secretion
of gonadotropin, thereby reducing the synthesis, storage and secretion of FSH and LH,
while APSs mainly regulate the secretion of gonadotropin by reducing the concentration of
CORT in serum, thereby increasing the concentration of FSH and FSHR mRNA expression
to regulate primary follicle development and increase egg production rate.
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4.2. Effects of Astragalus Polysaccharides in Low-Protein Diet on Egg Quality

Research has shown that most egg quality traits remain unaffected by protein level [42].
Additionally, observations have indicated that eggshell characteristics do not change when
the methionine content in the feed is increased [43]. Haugh unit scores were significantly
lower in hens fed 13% CP diet than 16% CP diet, but yolk color was significantly higher
than in hens fed 16% CP diet [23]. Low-protein diets contain a high proportion of maize,
which is rich in lutein; adding more maize to the diet can improve yolk pigmentation [44].
Research indicates that appropriate levels of EAAs can prevent the harmful effects of
low-CP diets on shell quality [45]. Eggshell strength was also not influenced by dietary CP
levels, suggesting that the addition of L-threonine and lysine to low-crude-protein diets
can maintain eggshell quality when digestible sulfur-containing amino acid requirements
are considered.

4.3. Serum Antioxidant and Relevant Gene Expression in the Liver

The SOD activity and MDA content are important indicators of antioxidant perfor-
mance. GPx is an important peroxidase enzyme widely present in the body, and is one
of the indicators of the body’s resistance to peroxidation. It has been shown that high-
temperature conditions induce the production of free radicals and oxidative stress, which
induce lipid peroxidation and cell membrane damage [46]. A decrease in SOD activity
and GPx concentration, consistent with an increase in free radical production in the high-
temperature group, has been confirmed [47]. Meanwhile, findings indicate that heat stress
increases the levels of SOD and MDA in broiler livers [48]. Nrf-2, a key transcription factor
in the antioxidant system, protects cells by upregulating antioxidants like SOD and GPx to
counteract stressors [49], which is consistent with the findings of this study. Low-protein
diets, supplemented with essential amino acids to meet animals” nutritional needs and
maintain amino acid balance, can boost antioxidant enzyme synthesis and enhance an-
tioxidant capacity [50]. Beneficial effects of feeding low-protein diets (with recommended
ME) under heat stress have been observed, and this finding is consistent with several other
studies conducted under similar conditions [51,52]. Furthermore, it has been shown that
oxidative stress dominates the damage caused by heat stress; heat stress causes enhanced
metabolism in livestock organisms, causing excessive accumulation of ROS and causing an
oxidative-antioxidant imbalance in the organism and oxidative stress; this in turn causes
oxidative damage to tissue cells, proteins and nucleic acids [53,54].

4.4. Serum Immunoglobulin, Inflammatory Cytokines and Relevant Gene Expression in the Liver

IgA, IgG and IgM play an important role in the immune process of poultry [55]. IgM
is an early antibody of humoral immunity, and IgG has the function of neutralizing viruses
and bacteria [56]. Supplementation of 0.498% tryptophan in low-protein diet (14.05% CP)
significantly increased serum IgG and IgM contents in broilers [57]. Studies have reported
that heat stress can inhibit the production of chicken antibodies, and the production of
IgA is the lowest [58], which is consistent with the results of [59]. In this experiment, high
temperature reduced the content of IgA, IgG and IgM in serum, and low-protein diet
significantly increased the content of IgG and IgM, and the low-protein diet supplemented
with APSs reversed the adverse effects of high temperature and increased the content
of immunoglobulin.

IL-1p is mainly released by monocytes, macrophages and non-immune cells during
cell injury and infection, which can promote the production of other cytokines and play an
important role in immune response [60]. IL-10 exerts strong anti-inflammatory effects by
suppressing pro-inflammatory cytokine production and modulating cytokine receptor ex-
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pression [61]. Under the conditions of this experiment, the high-temperature environment
increased the content of IL-1f3 in the serum of laying hens. The concentration of IL-1f3 in
the serum of LPAB diets decreased by 14.4% and 17.00%, respectively, and IL-1f relative
mRNA expression in the liver was decreased, but it still failed to completely offset the dam-
age caused by heat stress. After adding APSs to the LPAB diet, the concentration of IL-10
increased by 38.67%, and IL-10 relative mRNA expression in the liver was upregulated,
indicating that although the high temperature destroyed the balance of its cytokines and
adversely affected the immune system of laying hens, the LPAB diets and APSs started the
anti-inflammatory reaction. At the same time, it also inhibits inflammation, and reduces

body damage.

4.5. Serum Biochemical and Relevant Gene Expression in the Liver

Cholesterol and triglyceride are mainly related to lipid metabolism in laying hens.
The contents of CHOL and LDL-C in 21-day-old male broilers were significantly increased
under heat stress [62]. APSs could reverse the increase in serum T-CHO, TG and LDL-C
levels and the decrease in serum HDL-C levels induced by alcohol in mice [63]. Under
the condition of high-temperature stress, the addition of APSs to the diet can significantly
reduce the content of total cholesterol and LDL-C in serum, which is basically consistent
with the above studies. It may be due to the fact that APSs are good lipid regulators and
can improve plasma lipoprotein levels [59,64]. Under the condition of this experiment, heat
stress and low-protein diet led to the increase in total cholesterol and triglyceride content in
serum of laying hens, which may be due to the decrease in basal metabolism of laying hens
in high-temperature environment or low-protein state, affecting the normal metabolism
of lipids in vivo, and the decrease in lipid concentration. The energy required for cell
metabolism is only provided by related enzymes to decompose nutrients, so the contents of
TG and T-CHO involved in lipid metabolism are significantly increased. ALT and AST are
liver function markers associated with amino acid metabolism, and their elevated levels
under stress reflect tissue damage [65,66]. In this experiment, the addition of APSs in the
diet can reduce the activity of AST in serum, protect the liver and reduce the damage caused
by heat stress. In different treatments of low-crude-protein diets, no significant changes
were observed in TP, ALB, GLB, and AST (standard CP 2, 4, and 6% control diets) [67]. It
is speculated that the addition of APSs to the low-protein diet has no obvious effect on
improving the protein metabolism of laying hens under high-temperature environment.
In addition, heat stress can destroy the integrity of the intestinal barrier, promote the
absorption of glucose, and increase serum glucose content [68]. Giving 4% low-protein
diet to pregnant mice will lead to dysfunction of islet 3 cells in their offspring and reduce
the secretion of insulin and amylin [69]. Studies have shown that APSs can reduce serum
GLU levels, increase insulin sensitivity, and reduce insulin resistance [70]. The results of
this experiment are basically consistent with the above results. Some studies found that
when broilers were fed low-protein diets (2-4% CP), there was no change in serum total
protein [71,72]. Further observations indicated that total protein is only affected when diets
lack amino acids [73]. Thus, meeting AA needs seems more critical than CP itself. As
shown in this study, low-CP diets can boost hepatic lipogenesis, raising triglyceride levels.
Cholesterol biosynthesis starts with acetyl-CoA, with HMGCR acting as the rate-limiting
enzyme [74]. Cells also take up cholesterol via LDLR-mediated endocytosis [75]. Our
data showed significantly upregulated HMGCR expression in HB livers. Compared to HB,
hepatic LDLR expression increased by 53% in HL and 45% in HLA, suggesting heat stress
boosts blood cholesterol by reducing extrahepatic cholesterol absorption. The LPAB diets
and APSs can both enhance cholesterol uptake and suppress its synthesis.
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5. Conclusions

In conclusion, heat stress caused by a high-temperature environment reduces pro-
duction performance. LPAB diets and APSs can reduce the adverse effects of heat stress,
improving FCR and follicular development, increasing egg yolk color, and adding 0.5%
APSs can also enhance EPR. In addition, LPAB diets and APSs significantly improve antiox-
idant and immune performance in heat stress. Based on LPAB diets, this study added APSs
to explore its effect on laying performance, antioxidant performance, immune performance
and lipid metabolism of laying hens. This provides a reference for the use of LPAB diets
and plant-derived feed additives in laying hen production. At the same time, it provides
a feasible method to mitigate the negative impact of high-temperature environments on
laying hen production. APSs can improve the health status of laying hens, and it is expected
to be a green, healthy, production-friendly, and antioxidant feed additive.
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Simple Summary: Baicalin is the major bioactive compound in the Chinese herb Scutellaria
baicalensis, and its positive effects have been reported in some fish. The present study
investigated the effects of dietary baicalin on the growth and health of yellow catfish
(Pelteobagrus fulvidraco). The results indicated that dietary baicalin supplementation signif-
icantly improved the growth performance, antioxidant capacity, and morphology of the
liver and intestine, as well as positively modulated the intestinal microbiota composition
of yellow catfish. The optimal inclusion of dietary baicalin was 400 mg/kg. This finding
will guide the application of baicalin in aquatic feeds.

Abstract: This study investigated the effects of dietary baicalin on the growth and health
of yellow catfish (Pelteobagrus fulvidraco). Five diets with the addition of 0 (control), 100,
200, 400, and 800 mg/kg of baicalin were fed to juvenile yellow catfish (11.19 £ 0.07 g)
for 56 days. Dietary supplementation with 200 or 400 mg/kg baicalin increased weight
gain (p < 0.05) and reduced the feed conversion ratio (FCR) (p < 0.05). The BA400 group
exhibited higher total antioxidant capacity, catalase, superoxide dismutase activity, and
lower malondialdehyde level in the liver and intestine than the control (p < 0.05). In the
400 mg/kg baicalin group, the hepatic vacuolization rate was lower (p < 0.05), and the
intestinal villus width and villus height were higher than those in the control (p < 0.05). In
terms of intestinal microbiota composition, the 400 mg/kg baicalin group demonstrated
lower abundances of Proteobacteria and Actinobacteria (phylum level) and Cetobacterium,
Candidatus_Arthromitus, and Plesiomonas (genus level) than the control (p < 0.05), while the
relative abundances of Fusobacteriota and Lactobacillus (ZOR0006) increased in this group (p
< 0.05). In conclusion, dietary baicalin supplementation significantly improved the growth,
antioxidant capacity, and intestinal morphology and positively modulated the intestinal
microbiota composition of yellow catfish. The optimal dietary supplementation level of
baicalin is 400 mg/kg for yellow catfish.

Keywords: baicalin; Pelteobagrus fulvidraco; growth performance; antioxidant levels; liver
and intestinal health; intestinal microbiota
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1. Introduction

Baicalin (Cp1H13011), a yellow bitter flavonoid extracted from the roots of Scutellaria
baicalensis, is a key bioactive compound in this Chinese medicinal herb [1]. It exhibits vari-
ous pharmacological effects, including antioxidant, anti-inflammatory, immune-enhancing,
antibacterial, hepatoprotective, and intestinal protective properties [2]. Baicalin has been
shown to improve the growth performance, antioxidant capacity, and immune function
in land animals such as preweaned calves [3], broilers [4], ducks [5], and piglets [6]. In
aquatic animals, baicalin was reported to enhance the growth performance, antioxidant
capacity, and resistance to hepatic oxidative stress and Streptococcus agalactiae infection in
Nile tilapia (Oreochromis niloticus) [7,8]. Baicalin has also been shown to protect giant river
prawns (Macrobrachium rosenbergii) against Vibrio parahaemolyticus [9] and strengthen the
ability of yellow catfish (Pelteobagrus fulvidraco) to resist Aeromonas hydrophila infection [10].
Additionally, baicalin yeast culture improved the growth performance, antioxidant capacity,
and immune function in giant grouper (Epinephelus lanceolatus) [11].

The yellow catfish is an important freshwater aquaculture species in China, valued for
its high market demand and nutritional quality. However, in intensive aquaculture systems,
farmed fish are generally susceptible to physiological challenges such as oxidative stress
and inflammatory responses due to high stocking density and environmental fluctuations.
The carnivorous nature and high dietary lipid requirements in this fish suggest a heightened
potential for metabolic disorders such as hepatic steatosis. These concerns highlight the
need for safe and effective feed additives to enhance growth and health management.
Although previous studies have demonstrated that active compounds in Chinese herbal
medicine, such as emodin [12], berberine [13], Ganoderma lucidum polysaccharides [14],
and Astragalus polysaccharides [15], could enhance the growth performance and immune
function or modulate intestinal microbiota composition in yellow catfish, their application
ranges and functional scope remain limited. There is continued interest in identifying
novel additives with broader efficacy and better safety profiles. Therefore, this study
aims to explore the effects of dietary supplementation of baicalin on growth performance,
morphometric indices, serum biochemical parameters, hepatic and intestinal antioxidant
capacity, liver health, and intestinal health and microbiota in yellow catfish. The findings
will guide the application of baicalin in aquatic feeds.

2. Materials and Methods

All experimental animal care protocols underwent approval by Shanghai Ocean
University’s Institutional Animal Care and Use Committee (Approval No. SHOU-DW-
2024-140). Experimental operations were rigorously conducted in compliance with the
standardized ethical regulations promulgated by Shanghai Ocean University’s Animal
Ethics Oversight Committee.

2.1. Experimental Design and Diets

Five isonitrogenous (46% crude protein) and isolipidic (8.9% crude lipid) diets were for-
mulated using fish meal, soybean meal, and chicken meal as protein sources. According to
the previous studies [7,8,10,16], baicalin (purity: 95%, purchased from Macklin Biochemical
Technology Co., Ltd., Shanghai, China) was added at concentrations of 0, 100, 200, 400, and
800 mg/kg (BAO, BA100, BA200, BA400, and BA800), respectively. Accordingly, the wheat
flour inclusion was reduced to balance the formulation, while the proportions of the other
ingredients remained constant. All feed ingredients were ground to pass through a 60-mesh
sieve, then thoroughly mixed and extruded to form slow-sinking pellets (2.0 mm diameter)
using a single-screw extruder (LX-75, Longxiang Food Machinery Factory, Xingtai, China)
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with a pelleting temperature of 90 °C. The pellets were air-dried at 60 °C and stored in a
cool, dry environment. The diet formulations and nutritional compositions are shown in
Table 1.

Table 1. Formulation and proximate composition of experimental diets (air dry basis, %).

Ingredients BAO BA100 BA200 BA400 BAS800
Fish meal 18.00 18.00 18.00 18.00 18.00
Chicken meal 12.00 12.00 12.00 12.00 12.00
Soybean meal 20.00 20.00 20.00 20.00 20.00
Soybean protein concentrate 6.00 6.00 6.00 6.00 6.00
Wheat flour 22.96 22.95 22.94 22.92 22.88
Corn gluten meal 8.00 8.00 8.00 8.00 8.00
Cottonseed gluten meal 4.00 4.00 4.00 4.00 4.00
Fish oil 1.00 1.00 1.00 1.00 1.00
Soybean oil 2.00 2.00 2.00 2.00 2.00
Soy lecithin 1.30 1.30 1.30 1.30 1.30
Baicalin 0.00 0.01 0.02 0.04 0.08
Ca(HyPOy) 2.50 2.50 2.50 2.50 2.50
Vitamin and mineral premix ! 2.00 2.00 2.00 2.00 2.00
Choline chloride 0.20 0.20 0.20 0.20 0.20
Vitamin C phosphate 0.04 0.04 0.04 0.04 0.04
Total 100.00 100.00 100.00 100.00 100.00
Proximate composition 2
Crude protein 46.53 46.60 46.71 46.52 46.49
Crude lipid 8.95 8.98 8.97 8.97 8.97
Crude ash 8.63 8.98 8.52 8.90 8.69
Moisture 8.36 8.40 8.61 8.33 8.58

1 Vitamin and mineral content in premix per kilogram: VA 200,000 IU, VD3 12,000 IU, VE 1600 mg, VK3 930 mg,
VB, 280 mg, VB, 380 mg, VBg 350 mg, VBj, 0.02 mg, and nicotinamide 2500 mg; D-calciumpantothenate 1200 mg,
folic acid 2 mg, inositol 100 mg, and biotin 0.2 mg; Fe 540 mg, Zn 830 mg, Mn 500 mg, Cu 200 mg, Co 1 mg, Se
0.35 mg, and I 1 mg. 2 Nutrient levels were all measured values.

2.2. Experimental Fish and Feeding Management

A total of 800 yellow catfish (initial average body weight: 4.15 g) were obtained
from Suyu Aquaculture Company (Huzhou, China) and then fed with the control diet for
4 weeks in cement pools at the Binhai Aquaculture Base of Shanghai Ocean University
(Shanghai, China). After the acclimation, 225 healthy fish (average weight: 11.19 4 0.07 g)
were selected and randomly stocked into 15 cages (1.0 m x 1.0 m x 1.2 m; mesh size:
0.3 mm; material: Nylon; 15 fish per cage) with 5 treatments and 3 replicates per treatment.
Three independent pools with the same water source and management were employed,
and each pool contained five cages, which were randomly assigned to the five treatments.

The feeding protocol was conducted with reference to the description by Xu et al. [16]
and strictly controlled to ensure consistency across all experimental groups. The daily
ration was set at 3% to 6% of the total fish body weight per cage and was adjusted weekly
based on collective weighing. Every morning, the feed was weighed to ensure the same
amount for each treatment group. The slow-sinking feed was offered by hand twice daily
(08:00 and 18:00). To minimize waste and ensure precise intake, the allotted feed for each
cage was divided into small batches and introduced manually over 10 min, which has been
determined through the pre-trial observation. The uneaten feed settling on the bottom was
carefully siphoned out within 30 min and then dried and weighed to calculate the actual
feed consumption.
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Water quality was detected as follows: temperature 25-30 °C, dissolved oxygen > 5 mg/L,
pH 7.5-8.0, ammonia nitrogen < 0.2 mg/L, and nitrite < 0.1 mg/L. One-third of the water
was replaced twice weekly with filtered pond water. The feeding trial was conducted at
the Binhai Aquaculture Base of Shanghai Ocean University for 56 days.

2.3. Sample Collection

At the end of the feeding trial, the fish were starved for 24 h, and then total weight and
tish number per cage were recorded to calculate survival, weight gain (WG), specific growth
rate (SGR), and feed conversion ratio (FCR). Before sampling, fish were anesthetized with
MS-222 anesthetic. Three fish per cage were randomly selected and stored at —20 °C for
whole-body proximate composition analysis. Another three fish were measured for body
length and weight to calculate condition factors (CFs). Subsequently, blood (~1 mL) was
collected from the caudal vein of the largest three individuals (45-55 g) from each cage using
a 1 mL medical syringe. Serum was centrifuged at 3000 rpm for 10 min; then, approximately
1.3 mL of serum was collected per replicate and stored at —80 °C for biochemical assays.
After sampling blood, the fish were dissected, and then the viscera and liver weights
were recorded to calculate the viscerosomatic index (VSI) and hepatosomatic index (HSI).
Liver and intestinal tissues were stored at —80 °C for antioxidant analysis. Liver and
intestinal samples from BAO, BA400, and BA80O groups were fixed in Bouin’s solution for
H&E staining and histological evaluation. Three fish per cage were quickly dissected, and
the hind intestinal contents from the BAO and BA400 groups were collected aseptically
and placed into enzyme-free freezing tubes for preservation at —80 °C to analyze the
microbiota community.

2.4. Measurement Indicators and Methods
2.4.1. Growth Performance and Body Morphometric Indices

SR (%) = (final number of fish/initial number of fish) x 100

WG (%) = [(final body weight — initial body weight)/initial body weight] x 100

SGR (%) = 100 x [In(final body weight) — In(initial body weight)]/experiment days

FCR = feed intake (g)/weight gain (g)
HSI (%) = [final liver weight (g)/final body weight (g)] x 100
VSI (%) = [final visceral weight (g)/final body weight (g)] x 100
CF = final body weight (g)/body length (cm)® x 100

2.4.2. Proximate Composition of Diets and Whole Body

Referring to the AOAC method, the moisture content in feed and whole fish was
determined by oven drying at 105 °C, and crude protein was analyzed using the Kjel-
dahl nitrogen analyzer (2300-Auto-Analyzer, Foss Tecator, Hogands, Sweden), while ash
content was quantified by combustion at 550 °C in a muffle furnace (SXL-1008, Shanghai
Jinhong Experimental Equipment Co., Shanghai, China). Crude fat was measured by the
chloroform-methanol assay [17].

105



Animals 2025, 15, 2903

2.4.3. Serum, Hepatic, and Intestinal Biochemical Parameters

The liver and intestinal tissues were homogenized at 10,000 rpm for 10 s in ice-cold
physiological saline (1:9 w/v) and then centrifuged at 3000 rpm for 10 min (4 °C). The
supernatants were collected and stored at —80 °C for subsequent analyses.

The measurements of total cholesterol (TCHO; COD-PAP assay), triglycerides (TGs;
GPO-PAP assay), total protein (TP; Coomassie brilliant blue assay), lysozyme (LZM; tur-
bidimetric assay), alkaline phosphatase and acid phosphatase (ALP and ACP; microplate
enzymatic assay), alanine aminotransferase and aspartate aminotransferase (ALT and AST;
microplate colorimetric assay), total antioxidant capacity (T-AOC; FRAP assay), malondi-
aldehyde (MDA; TBA assay), catalase (CAT; ammonium molybdate colorimetry assay),
and superoxide dismutase (SOD; hydroxylamine oxidation assay) were performed using
commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.4.4. Histological Examination

The liver and intestinal tissues from the BAO, BA400, and BA800 groups underwent
ethanol dehydration, xylene clearing, and paraffin embedding. Sectioned samples were
stained with hematoxylin-eosin (H&E) and mounted for microscopic observation. Histo-
morphological features were captured using optical microscopy (Olympus DP71), and the
vacuolization area quantification and intestinal morphology measurements were performed
through Image] 1.53 software.

2.4.5. Intestinal Microbiota Analysis Based on 165 rRNA

Intestinal content DNA from the BAQ and BA400 groups was extracted using QlAamp
DNA Stool Mini Kit (Qiagen, Venlo, The Netherlands). After purity verification (Nan-
oDrop 2000, Thermo Scientific, Wilmington, DE, USA), the V3-V4 hypervariable regions
of bacterial 16S rRNA genes were amplified and sequenced on the Illumina NovaSeq
6000 platform (2x250 bp paired-end reads). Raw sequences were processed through the
QIIME2 pipeline with DADA2 denoising, chimera removal, and 100% similarity clustering.
Operational taxonomic units (OTUs) were taxonomically classified against the SILVA 138
database. Alpha diversity indices and KEGG functional predictions were generated using
PICRUSt2. Sequencing services were provided by Shanghai Shunshi Biotechnology Co.,
Ltd. (Shanghai, China).

2.5. Statistical Analysis
All data were expressed as mean =+ standard deviation (SD). One-way ANOVA was
performed using SPSS 26.0. Tukey’s HSD test was used for multiple comparisons. A

p-value below 0.05 was considered statistically significant. Graphical visualizations were
created with GraphPad Prism 9.0 (GraphPad Software) and Microsoft Excel 2021.

3. Results
3.1. Growth Performance and Morphometric Indices

Compared with the control group (BAO), the final weight, survival, WG, and SGR of
the BA200 and BA400 groups were significantly higher (p < 0.05), along with a significantly
lower FCR (p < 0.05). No significant differences were observed in growth performance
among the BA100, BA800, and control (BAO) groups (p > 0.05) except for survival. CE, VSI,
and HSI showed no significant differences among all the groups (p > 0.05) (Table 2).
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Table 2. Dietary effects of baicalin on growth performance and body parameters of Pelteobagrus fulvidraco.

Items BAO BA100 BA200 BA400 BAS800
Initial weight (g) 11.23 +0.05 11.20 + 0.04 11.20 + 0.07 11.27 £+ 0.08 11.09 4+ 0.04
Final weight (g) 31.82 0252 3257 £0.802 36.30 + 1.14 be 39.10 £1.08 ¢ 3323 +1.272b

Survival (%) 95.56 + 3.85 2 100 £ 0.00 P 100 £ 0.00 P 100 £ 0.00 P 100 4 0.00 P
WG (%) 183.28 £3.442 190.77 £7.162 228.79 + 11.14 be 247.04 +£9.62 ¢ 199.43 4+ 12.74 2P
SGR (%) 1.75+0.052 1.88 £0.062 2.12 4+ 0.06 b¢ 222 4+0.05¢ 1.96 + 0.08 2P

FCR 1.80 £ 0.022 1.71+£0.072 1.42 + 0.06 P 1.32 £ 0.06 P 1.66 +0.09 2

CF (g/Cm3) 1.75 +£0.28 1.84 £0.16 1.74 £ 0.15 1.82 +£0.10 1.81 +0.29
VSI (%) 8.83 £ 0.82 7.87 £ 2.56 8.46 +1.18 7.93 £+ 0.60 8.86 £ 1.44
HSI (%) 2.56 +0.33 2.52 +0.10 2.31 +0.32 2.36 = 0.16 2.34 +0.29

Data with different letters in the same row indicate a significant difference (p < 0.05). The same applies to the
tables below.
3.2. Serum Biochemical Indices

In Table 3, serum TG levels in the BA100 and BA400 groups, as well as AST activity
across all baicalin-supplemented groups, were significantly lower than those in the control
group (BAO) (p < 0.05). The BA400 group displayed significantly elevated ALP activity,
while both the BA200 and BA400 groups showed higher LZM activity than the control
(p < 0.05). No significant differences were detected in TCHO, TP content, or ALT activity
among all the groups (p > 0.05).
Table 3. Dietary effects of baicalin on serum biochemical indices of Pelteobagrus fulvidraco.

Items BAO BA100 BA200 BA400 BAS800
TCHO (mmol/L) 8.11 + 0.80 7.04 + 0.04 7.68 +0.33 6.99 + 0.52 7.95 4+ 0.55

TG (mmol/L) 10.68 + 1.11 2 9.11+£041°¢ 9.41 + 0.79 be 9.19+0.79 ¢ 10.87 £ 0.84 2

ALP (U/L) 67.32 £3462 66.51 £ 6.252 73.94 + 6.64°2 90.43 + 8.73P 74.06 + 5.66 2
ACP (U/L) 286.03 +17.102  296.00 + 18.123> 29924 + 17.662  314.12 +15.11°  304.47 4 17.51 2P
ALT (U/L) 4.39 +0.32 4.67 +£0.19 441 +£0.16 4.55 +0.27 446 +0.14
AST (U/L) 140.38 +£11.422  101.43 4+ 14.04 b¢ 8132 £ 1.67°¢ 87.63 +1.67 ¢ 110.00 4 12.38 P
TP (gprot/L) 31.61 £1.10 29.82 + 2.02 30.58 + 1.58 30.32 £+ 2.52 29.42 +1.92
LZM (ug/mL) 1.18 £0.192 1.39 £0.172 1.79 +£0.19 P 2.36 +0.23°¢ 1.51 + 0.26 2P

Data with different letters in the same row indicate a significant difference (p < 0.05).

3.3. Antioxidant Capacity

As shown in Table 4, the T-AOC, CAT, and SOD activities in liver and intestine
increased firstly and then decreased with the increasing dietary baicalin levels, peaking in
the BA400 group with significantly higher values than the control (p < 0.05). The BA400
group also presented significantly lower MDA content than the control (p < 0.05). Intestinal
LZM activity showed no differences among groups (p > 0.05).

107



Animals 2025, 15, 2903

Table 4. Dietary effects of baicalin on antioxidant indices in the liver and intestine of Pelteobagrus fulvidraco.

Items BAO BA100 BA200 BA400 BAS800

Liver
T-AOC (mmol/mg prot)  0.16 + 0.052 0.234+0.04>  026+0.04°  031+0.054 0.19 + 0.04 2
MDA (nmol/mgprot) 4.44 + 0582 2.96 +0.76 ° 2.50 +0.36 P 2.3540.58P 2914041°

CAT (U/mgprot) 870 +£1.91° 11.93 £ 22623  13.00 £1.90bc 1571 4+231°¢ 1156 + 2262
SOD (U/mgprot) 71.81 £10.112 9469 +£10.01° 109.58 +£4.38°¢ 140.86 +5.339  109.74 + 6.08 ©
Intestine

T-AOC (umol/mg prot) ~ 0.017 £ 0.0042  0.022 +0.0032>  0.026 + 0.004®  0.025 +0.004®  0.019 + 0.003 2
MDA (nmol/mgprot) 1.50 £ 0.26 2 0.76 +0.20 0.72 4+ 0.14 0.79 +0.19? 1.17 £ 0.28

CAT (U/mgprot) 18.08 £1.583 255545082 237144982 3121 +376°  20.84 £3.367
LZM (ug/mgprot) 0.06 + 0.01 0.064 + 0.01 0.060 + 0.01 0.079 + 0.009 0.070 + 0.01
SOD (U/mgprot) 6.99 +2.382 812 +£2393 1443 +230° 1656 +£125°  9.84+2932

Data with different letters in the same row indicate a significant difference (p < 0.05).

3.4. Whole-Body Proximate Composition

There were no significant differences in whole-body composition among all groups
(p > 0.05), including moisture, crude ash, crude lipid, and crude protein contents (Table 5).

Table 5. Dietary effects of baicalin on the body proximate composition of Pelteobagrus fulvidraco (wet
weight, %).

Items BAO BA100 BA200 BA400 BAS800
Moisture 72.38 £ 0.40 72.12 £ 1.08 7225+ 0.70 72.00 £ 1.09 71.65 £ 0.78
Crude ash 4.06 = 0.53 4.00 £+ 0.23 4.08 £ 0.21 3.95 £ 0.05 4.07 £ 0.20

Crude lipid 6.48 £+ 0.46 6.61 £ 0.46 6.51 £0.36 6.46 £ 0.59 6.37 £0.45
Crude protein 15.33 £ 0.64 15.64 £ 0.68 1533 £0.73 15.60 £ 0.67 15.89 £ 0.26

3.5. Liver and Intestinal Histomorphology

In Figure 1, the BAO group exhibited marked hepatic vacuolization (indicated by
black arrows), whereas hepatocytes in the BA400 group were densely arranged with
normal morphology. The moderate vacuolization was also observed in the BA80O group.
Quantitative analysis revealed significantly reduced hepatic vacuolization area in the
BA400 group compared to the BAO group (p < 0.05).

The intestinal villi in the BA400 and BA800 groups were orderly arranged with com-
pact texture compared to the BAO group (Figure 2). In Table 6, the BA400 group presented
significantly greater villus height, villus width, and muscularis thickness than the control
(p < 0.05), while BA800 displayed no significant differences (p > 0.05).

Table 6. Dietary effects of baicalin on intestinal tissue morphology of Pelteobagrus fulvidraco.

Items (um) BAO BA400 BAS00
Villus height 570.4 4+ 20.13 2 670.9 +51.51P 561.2 + 31.652
Villus width 105.6 + 5.44 2 138.4 +19.65P 120.8 + 14.78 @b

Muscularis thickness 167.5 4+ 26.05 2 2226 4+ 15.29 P 197.1 +23.30 @

Data with different letters in the same row indicate a significant difference (p < 0.05).
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Figure 1. Liver tissue sections and liver vacuolization rate of Pelteobagrus fulvidraco. (A-C) represent
the three groups of BAO, BA400, and BA800. * Significant difference between two groups at p < 0.05;
** significant difference between two groups at p < 0.01. Black arrows indicate hepatic vacuolization.

Figure 2. Intestine tissue sections of Pelteobagrus fulvidraco; (A-C) represent the three groups of BAO,
BA400, and BAS800.

3.6. Intestinal Microbiota Analysis

The coverage values for all groups approached 1, indicating that the microbial commu-
nity was sufficiently sampled and the obtained data accurately represented the underlying
microbial population. As shown in Table 7, the Shannon and Simpson indices of intestinal
microbiota in the BA400 group were significantly higher than those in the BAO group
(p < 0.05), while no significant differences were observed in Chaol and ACE (Abundance-
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Community relative abundance on Genus level

based Coverage Estimator) indices between the two groups (p > 0.05). A total of 1155 OTUs
were identified in the intestinal contents from both groups, with 124 OTUs shared by
the two groups, and the BAO and BA400 groups exhibited 518 and 513 unique OTUs,
respectively (Figure 3A).

Table 7. Dietary effects of baicalin on the alpha diversity index of intestinal microbiota of Pelteoba-
grus fulvidraco.

Items BAO BA400
Shannon 3.01 £0.122 4.69 £ 0.007 ®
Simpson 0.64 +0.032 0.89 + 0.006 ®

Chaol 265.53 + 12.58 299.22 + 26.85

ACE 266.25 + 12.24 299.70 + 26.89
Coverage 0.999 £+ 0.00 0.999 £+ 0.00

Data with different letters in the same row indicate a significant difference (p < 0.05).
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Figure 3. Dietary effects of baicalin on intestinal microbiota of Pelteobagrus fulvidraco. (A) Venn
diagram of OTUs. (B) Community barplot analysis on the phylum level. (C) Community barplot
analysis on the genus level. (D) KEGG metabolic pathway barplot analysis.

At the phylum level, the dominant phyla in both BAO and BA400 groups were Firmi-
cutes, Proteobacteria, and Fusobacteriota. Compared with the BA0O group, the BA400 group
showed significantly decreased relative abundances of Proteobacteria and Actinobacteriota
(p < 0.05), along with a significant increase in Fusobacteriota abundance (p < 0.05) (Figure 3B).
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At the genus level, the dominant genera in the BAQ group were Cetobacterium, Candida-
tus_Arthromitus, and Plesiomonas, whereas the BA400 group was dominated by Lactobacillus,
Cetobacterium, and ZOR0006. Significant increases in the relative abundances of Lacto-
bacillus and ZOR0006 were observed in the BA400 group compared to the BAO group
(p < 0.05), while the abundances of Cetobacterium, Candidatus_Arthromitus, and Plesiomonas
were significantly reduced (p < 0.05) (Figure 3C).

The BA400 group exhibited a significantly enhanced metabolic potential of fatty acid
synthesis and ketone body synthesis compared to the BAO group (p < 0.05). Conversely,
the synthesis pathways of ansamycins and vancomycin-class antibiotics were significantly
downregulated in the BA400 group (p < 0.05) (Figure 3D).

4. Discussion
4.1. Growth Performance

Jia et al. [7] reported that 400 mg/kg dietary baicalin supplementation significantly de-
creased the FCR in Nile tilapia (Oreochromis niloticus). As a structurally analogous flavonoid
to baicalin, baicalein (200 mg/kg) was shown to enhance the growth performance of
grass carp (Ctenopharyngodon idella) [16]. In hybrid grouper (Epinephelus fuscoguttatus@x E.
lanceolatus o), dietary supplementation with 1-3% Scutellaria baicalensis extract (containing
baicalin) significantly increased the growth, which might be attributed to the upregulation
of growth hormone receptor (GHR), insulin-like growth factor I (IGF-I), and IGF-II gene
expression, along with the enhanced intestinal digestive enzyme activity and antioxidant
capacity [18]. Similarly, 10 g/kg Scutellaria baicalensis (the botanical source of baicalin)
supplementation decreased the FCR of channel catfish [19]. Consistent with these findings,
our trial revealed that 200-400 mg/kg baicalin addition significantly increased WG and
reduced FCR in yellow catfish.

Notably, the 800 mg/kg baicalin group showed significantly reduced growth perfor-
mance compared to the BA400 group, suggesting potential toxicological effects at high
doses. This observation aligns with the reports that excessive flavonoid intake may in-
duce pro-oxidant toxicity through free radical-mediated DNA damage or inhibition of
DNA-associated enzymes (e.g., topoisomerases) [20], while causing DNA and chromo-
somal mutations as a mutagen [21]. Notably, the significantly increased feed conversion
ratio (FCR) at the 800 mg/kg supplementation level indicates a metabolic impairment
in nutrient utilization rather than a taste-mediated avoidance behavior. Similar dose-
dependent growth suppression has also been encountered in channel catfish fed with a
15 g/kg Scutellaria baicalensis addition [19] and grass carp fed with a 600 mg/kg baicalein
addition [17].

4.2. Serum, Liver, and Intestinal Biochemical Indices

Alkaline phosphatase (ALP) regulates immune function by promoting the dephospho-
rylation of bacterial or endogenous pro-inflammatory factors [22]. Acid phosphatase (ACP),
primarily located in lysosomes, modulates immunity by dephosphorylating pathogenic
substances engulfed by lysosomes [23]. Lysozyme (LZM) exerts bactericidal effects by
dissolving peptidoglycan in bacterial cell walls [24]. Catalase (CAT) and superoxide dismu-
tase (SOD) efficiently scavenge free radicals in organisms [23]. Malondialdehyde (MDA), a
terminal product of lipid peroxidation, reflects the severity of oxidative stress on biomem-
brane systems and serves as a critical indicator of oxidative damage [25]. Triglyceride (TG)
is a key parameter for assessing blood lipid levels and plays vital roles in lipid metabolism
and energy homeostasis in fish.
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Baicalin exerts anti-inflammatory and immuno-modulatory effects by regulating the
TLRs/MyD88/NF-kB and TLRs/MyD88/MAPK signaling pathways [26]. Bao et al. [2]
reported that baicalin combats viral infections through direct virucidal activity, inhibi-
tion of viral replication, modulation of host cell functional protein expression, and anti-
inflammatory mechanisms, while also showing antibacterial and antifungal properties
to enhance disease resistance ability. Previous studies have demonstrated that baicalin
protected Nile tilapia infected with Streptococcus agalactiae by attenuating bacterial viru-
lence and enhancing non-specific immunity [8] and improved the survival of yellow catfish
challenged with Aeromonas hydrophila [10]. Furthermore, Li et al. [9] found that baicalin
upregulated the expression of crustin, anti-lipopolysaccharide factors (ALFs), and LZM
genes in Macrobrachium rosenbergii infected with Vibrio parahaemolyticus. In this experiment,
baicalin significantly increased serum ALP, ACP, and LZM activities, indicating its capacity
to enhance non-specific immune responses in yellow catfish.

Baicalin exhibits strong antioxidant activity due to the two phenolic hydroxyl groups,
which can scavenge free radicals and reactive oxygen species [27]. Additionally, baicalin can
reduce oxidative stress by modulating the Nrf2-Keap1 and p38 MAPK signaling pathways
in the liver [2]. Jia et al. [7] demonstrated that baicalin alleviated H,O,-induced oxidative
stress in Nile tilapia by elevating hepatic SOD, total antioxidant capacity (T-AOC), and
glutathione (GSH) levels. Yan et al. [10] reported that intraperitoneal injection of baicalin
enhanced SOD, GSH, and CAT activities in the liver of yellow catfish infected with A.
hydrophila. In the present study, baicalin increased T-AOC, CAT, and SOD levels while
reducing MDA content in both liver and intestinal tissues, confirming its antioxidant-
enhancing properties.

Dietary supplementation with 400 mg/kg baicalin mitigated obesity and hyperlipi-
demia in mice fed with high-fat diets [28]. Elshopakey et al. [29] observed that baicalin
significantly reduced serum triglyceride levels in Nile tilapia, and Scutellaria baicalensis
extract also decreased serum triglycerides in Far Eastern catfish (Silurus asotus) [30]. Consis-
tent with these findings, the present results demonstrated that baicalin effectively lowered
serum triglyceride levels in yellow catfish. The reduction is considered beneficial for fish
health, as it helps maintain metabolic homeostasis and reduces the risk of lipid-related
disorders like hepatic steatosis, as we mentioned below.

4.3. Liver and Intestinal Histology

Hepatic vacuolization, typically resulting from excessive lipid accumulation, may
impair the normal metabolic functions [31]. Aspartate aminotransferase (AST), a key
transaminase in amino acid metabolism, predominantly localizes in the liver and exhibits
elevated serum concentrations during hepatic dysfunction [32]. Baicalin could reduce
hepatic lipid deposition in mice by activating AMP-activated protein kinase (AMPK) and
acetyl-CoA carboxylase (ACC), while downregulating lipogenesis-related genes, includ-
ing fatty acid synthase and its upstream regulator SREBP-1c [33]. It has been reported
that baicalin decreased H,O,-induced hepatic vacuolization in Nile tilapia [7], and di-
etary supplementation with Scutellaria baicalensis reduced serum AST activity and hepatic
vacuolization in channel catfish [19]. In this study, 400 mg/kg baicalin supplementa-
tion significantly reduced hepatic vacuolization and serum AST activity in yellow catfish,
demonstrating its hepato-protective effects.

Intestinal morphological parameters, including villus width, villus height, and mus-
cularis thickness, directly reflect intestinal health. Villus width and height are closely
associated with nutrient absorption capacity [34]. Baicalin has been shown to protect
colonic tissue by inhibiting intestinal epithelial cell apoptosis and enhancing tight junction
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protein expression through suppression of the PI3K/AKT signaling pathway [35]. Zhang
etal. [36] reported that dietary supplementation with a Scutellaria-containing herbal mixture
significantly increased intestinal villus width and height in large yellow croaker (Larim-
ichthys crocea). The current experiment revealed that 400 mg/kg baicalin supplementation
significantly improved intestinal villus width, villus height, and muscularis thickness in
yellow catfish, confirming its efficacy in enhancing intestinal structural integrity.

4.4. Intestinal Microbiota

The intestinal microbiota is a vital component of the gut, playing significant roles
in nutrient absorption, immune system development, and defense against pathogenic
invasions [37]. The biodiversity and community composition of the intestinal microbiota
can reflect intestinal health [38]. In this experiment, baicalin significantly enhanced the
alpha diversity (Shannon and Simpson indices) of the intestinal microbiota in yellow catfish.
At the phylum level, the dominant phyla in both groups were Firmicutes, Proteobacteria, and
Fusobacteria, consistent with the previous findings in yellow catfish [39]. Compared to the
control group, the baicalin-supplemented group exhibited significantly reduced relative
abundances of Proteobacteria and Actinobacteria and significantly increased the abundance
of Fusobacteria. Proteobacteria contain some pathogenic and opportunistic pathogenic genera
that may impair intestinal health in fish [40]. In contrast, Fusobacteria can synthesize various
vitamins and short-chain fatty acids (SCFAs) [41,42], potentially promoting intestinal health
for yellow catfish.

At the genus level, the dominant genera in the control group were Cetobacterium, Candi-
datus_Arthromitus, and Plesiomonas, whereas the baicalin-supplemented group (400 mg/kg)
showed dominance of Lactobacillus, Cetobacterium, and ZOR0006. These results aligned
with the previous reports by Chen et al. [39], who identified Cetobacterium and Candida-
tus_Arthromitus as dominant genera in yellow catfish, and by Zhu et al. [43], who reported
Cetobacterium and Plesiomonas as key genera. Compared to the control, baicalin supplemen-
tation significantly increased the relative abundances of Lactobacillus and ZOR0006, while
reducing the relative abundances of Cetobacterium, Candidatus_Arthromitus, and Plesiomonas.
Lactobacillus, known as a probiotic in fish intestines, is able to regulate the intestinal environ-
ment via lactic acid secretion [44]. ZOR0006, an intestinal-specific bacterium, participates
in carbohydrate decomposition and lactate synthesis [45]. Yan et al. [10] demonstrated that
baicalin elevated Chaol and ACE indices of intestinal microbiota in yellow catfish infected
with Aeromonashydrophila. Xia et al. [46] found that Scutellaria baicalensis extract reduced
the harmful Deltaproteobacteria level in the intestine of rabbit fish (Siganus fuscescens). Simi-
larly, Du et al. [47] reported that baicalin improved intestinal microbial composition in koi
carp. Consistent with these previous findings, the present results indicated that baicalin
enhanced intestinal microbial richness and positively modulated microbiota composition
in yellow catfish.

Analysis of KEGG metabolic pathways derived from intestinal microbiota composition
reflects microbial metabolic activity [48]. The fatty acid synthesis in the gut is primarily
driven by anaerobic bacterial fermentation of carbohydrates to produce SCFAs [49], which
can inhibit harmful bacteria and regulate host immunity [50]. Baicalin has been shown to
enhance SCFA synthesis in mice by increasing the abundances of Firmicutes, Bacteroidetes,
and Fusobacteria [51]. Xia et al. [46] also observed the elevated SCFA synthesis in the
intestines of rabbit fish fed with a Scutellaria baicalensis extract-supplemented diet. In this
study, the increased fatty acid metabolism in the baicalin group may correlate with the
higher abundances of Fusobacteria and Bacteroidetes. Additionally, Actinobacteria can reduce
microbial diversity and inhibit probiotic growth through the production of antibiotics, such
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as ansamycins and vancomycins [52-54]. The decreased synthesis of these antibiotics in
the present baicalin group likely corresponded to the reduced Actinobacteria abundance.

5. Conclusions

Dietary supplementation of baicalin significantly improved weight gain, feed utiliza-
tion, antioxidant capacity, and liver and intestinal tissue morphology in yellow catfish,
while positively modulating intestinal microbiota composition. Under the experimen-
tal conditions, the optimal dietary supplementation level of baicalin is 400 mg/kg for
yellow catfish. These benefits suggest that baicalin could serve as a functional feed addi-
tive to promote fish health, growth, and potentially improve product quality in farmed
yellow catfish.

Future research should focus on validating the positive effects in practical farming
environments and exploring the molecular mechanisms underlying baicalin’s regulatory
roles in gut-liver crosstalk, immunity, and nutrient metabolism.
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