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Abstract: Zearalenone (ZEA) has adverse effects on human and animal health, and finding effective
strategies to combat its toxicity is essential. The probiotic Bacillus velezensis A2 shows various beneficial
physiological functions, including the potential to combat fungal toxins. However, the detailed mecha-
nism by which the Bacillus velezensis A2 strain achieves this protective effect is not yet fully revealed. This
experiment was based on transcriptome data to study the protective mechanism of Bacillus velezensis
A2 against ZEA-induced damage to IPEC-J2 cells. The experiment was divided into CON, A2, ZEA,
and A2+ZEA groups. This research used an oxidation kit to measure oxidative damage indicators,
the terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) method to detect cell
apoptosis, flow cytometry to determine the cell cycle, and transcriptome sequencing to screen and
identify differentially expressed genes. In addition, gene ontology (GO) and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) were adopted to screen out relevant signaling pathways. Finally, to
determine whether A2 can alleviate the damage caused by ZEA to cells, the genes and proteins involved
in inflammation, cell apoptosis, cell cycles, and related pathways were validated using a quantitative
reverse transcription polymerase chain reaction (qRT-PCR) and Western blot methods. Compared with
the CON group, the levels of reactive oxygen species (ROS) and malondialdehyde (MDA) in the ZEA
group increased significantly (p < 0.01), while the levels of antioxidant enzyme activity, total superoxide
dismutase (T-SOD), glutathione peroxidase (GSH-PX), total antioxidant capacity (T-AOC), and catalase
(CAT) decreased significantly (p < 0.01). Compared with the ZEA group, the A2+ZEA group showed a
significant decrease in ROS and MDA levels (p < 0.01), while the levels of T-SOD, GSH-PX, T-AOC, and
CAT increased significantly (p < 0.01). TUNEL and cell cycle results indicated that compared with the
ZEA group, the A2+ZEA group demonstrated a significant decrease in the cell apoptosis rate (p < 0.01),
and the cell cycle was restored. Combining transcriptome data, qRT-PCR, and Western blot, the results
showed that compared with the CON group, the mRNA and protein expression levels of Wnt10 and
β-catenin increased significantly (p < 0.01), while the expression level of FRZB decreased significantly
(p < 0.01); compared with the ZEA group, the expression levels of these mRNA and proteins were
reversed. Bacillus velezensis A2 can increase the antioxidant level, reduce inflammatory damage, decrease
cell apoptosis, and correct the cell cycle when that damage is being caused by ZEA. The protective
mechanism may be related to the regulation of the Wnt/FRZB cell/β-catenin signaling pathway.
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Key Contribution: The breakthrough presented herein entails the introduction of the highly efficient
degradation bacterium Bacillus velezensis A2 as isolated and identified in previous studies to the
research: A2 can weaken the influence of ZEA on cell apoptosis, significantly reducing the toxic
damage caused by ZEA on cells. The results provide an important reference for further research into
the mechanism of cell apoptosis and the prevention and treatment of toxicity.
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1. Introduction

Zearalenone (ZEA) is an estrogenic fungal toxin produced by Fusarium oxysporum,
which is ubiquitous and mainly present in moldy grain crops and grain products. ZEA
not only affects the safety of feed and food, but also can accumulate in human or animal
bodies through the food chain, thereby endangering the health of humans and animals.
Research has shown that ZEA poses a significant threat to the health of livestock and
poultry, with strong reproductive toxicity [1] and immunotoxicity. ZEA induces excessive
ROS generation in organisms [2,3] and can trigger severe oxidative damage in intestinal
epithelial cells [4]. Cellular oxidative stress is one of the fundamental causes of damage to
biomolecules such as DNA, proteins, and lipids [5]. Research has confirmed that oxidative
damage is one of the main toxic mechanisms of ZEA. ZEA increases the cell activity and
production of reactive oxygen species (ROS) and malondialdehyde (MDA) in a concentra-
tion and time-dependent manner [6,7]. Therefore, if ZEA can be inhibited from causing
oxidative damage to intestinal epithelial cells, its toxic effect on internal organs can be
reduced to the benefit of both humans and animals.

ROS are closely related to intestinal injury. High concentrations of ROS can attack
the sugars, lipids, proteins, and nucleic acids of intestinal endothelial and epithelial cells,
leading to oxidative damage to intestinal cells and affecting the structure and function of
the intestine [8,9]. Previous research has shown that high doses or long-term exposure
to fungal toxins can cause damage to intestinal health [10]. Mycotoxins such as aflatoxin
B1, ochratoxin A, vomiting toxin, and ZEA can all lead to intestinal oxidative stress [11].
The results of in vitro experiments indicate that when intestinal epithelial cells are exposed
to ZEA, even at low doses, it can exert harmful effects on their survival rate. ZEA can
decrease the survival rates of small intestinal porcine epithelial cell lines IPEC-1 and IPEC-
J2 [12], and ZEA can induce mitochondrial damage by reducing the activity of antioxidant
enzymes, the accumulation of ROS, and reducing mitochondrial membrane potential in
IPEC-J2 cells, thereby affecting cell survival [4]. The results of in vivo experiments indicate
that adding 0.5 to 1.5 mg/kg of ZEA to feed can cause oxidative damage to the jejunum
of weaned piglets, and the Keap1-Nrf2 signaling pathway plays an important protective
role in suppressing the oxidative damage process of ZEA to the intestine [13]. ZEA can
also induce inflammatory reactions in the intestine, which activate ROS-mediated NLRP3
inflammasomes, thereby promoting the inflammatory cytokine IL-1 β and IL-18 relies on
caspase-1 release [14]. The inflammatory mediators in the inflammatory process, such as
adhesion factors and interleukins, can be induced by oxidative stress [15]. Therefore, if the
damage caused by ZEA to the intestine can be suppressed, it will be beneficial in reducing
the toxic effect of ZEA on the body.

Probiotic Bacillus can improve the antioxidant capacity of the intestine. Research has
found that Bacillus coagulans can enhance the activity of intestinal SOD and CAT, reduce
the contents of MDA and H2O2, and alleviate oxidative damage in the intestinal tract of
piglets [16]; Bacillus coagulans can alleviate the morphological damage and intestinal inflam-
mation caused by Salmonella enteritidis infection [17]. Furthermore, adding Bacillus subtilis
to feed can enhance the antioxidant capacity of the small intestine and mitochondria [15].
Bacillus subtilis cw14 confers a protective effect against the Caco-2 cell barrier damage and
cell damage induced by ochratoxin A [18]. Some probiotics such as Lactobacillus and
Bacillus can adsorb or degrade ZEA, and also have strong antioxidant functions. Adding
probiotics (such as yeast, lactobacillus, and Bacillus) that can degrade or adsorb ZEA
in feed can weaken the toxic effects of ZEA on animals by reducing the concentration
thereof [19–21] (Krifaton et al., 2013; Fu et al., 2018). Cell experiments showed that some
probiotics are capable of directly reducing the oxidative damage to cells caused by external
toxins [22,23].

This experiment established in vitro models with CON, A2, ZEA, and A2+ZEA groups
by taking IPEC-J2 cells as the research object. The detection of the cell cycle by flow
cytometry, the measurement of cell apoptosis in each group through TUNEL, and the
detection of the expression of inflammatory factors in each group of cells were conducted.
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Transcriptomics techniques were adopted to compare the transcriptome differences among
different groups of cells, and immunoblotting and fluorescence quantitative PCR techniques
confirmed the differential expression of related gene proteins. This finding clarified the
relevant signaling pathways of A2 intervention in ZEA-induced damage to IPEC-J2 cells,
which revealed the toxic process associated with ZEA, further revealing the mechanism of
A2 intervention in ZEA-induced damage to porcine epithelial cells. The research results
offer a deep understanding of the molecular mechanism of ZEA on intestinal damage in
piglets, and also provide a theoretical and practical basis for the use of Bacillus velezensis A2
to prevent and control ZEA poisoning.

2. Results
2.1. Detection Results of IPEC-J2 Cell Oxidation Indicator

As shown in Figure 1, compared with the CON group, the levels of ROS and MDA
in the ZEA group significantly increased (p < 0.01), indicating that ZEA significantly
increased the intracellular oxidation levels. The levels of T-SOD, GSH-PX, T-AOC, and
CAT significantly decreased in the ZEA group (p < 0.01), showing that ZEA weakened the
antioxidant capacity of cells. These results implied that ZEA disrupted the intracellular
redox balance, leading to a significant increase in oxidative stress levels and significant
damage to the antioxidant defense system. However, compared with the control group,
the levels of ROS and MDA were significantly reduced in the A2+ZEA group (p < 0.01),
indicating that the combination of A2 treatment had a significant inhibitory effect on
intracellular oxidation levels. Meanwhile, the levels of T-SOD, GSH-PX, T-AOC, and
CAT significantly increased in the A2+ZEA groups (p < 0.01), indicating that the combined
treatment of A2 improved the antioxidant defense ability of cells. In summary, A2 alleviated
cellular oxidative damage and significantly reduced the toxic damage caused by ZEA to
IPEC-J2 cells. This outcome indicates that under the oxidative stress caused by ZEA, the
application of A2 can significantly enhance the antioxidant capacity of cells and reduce
oxidative damage.
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Figure 1. Effects of ZEA and A2 on intracellular oxidation indicators in IPEC-J2 cells. Note: Each
group of data has an average of six independent replicates ± SD (n = 6), with “**” indicating
a significant difference compared to the ZEA and CON groups (p < 0.01), and “##” denoting a
significant difference between the A2 group or A2+ZEA group and the ZEA group (p < 0.01).
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2.2. Detection Results of IPEC-J2 Cell Apoptosis

As shown in Figure 2, the number of TUNEL-positive cells in the ZEA group signifi-
cantly increased compared to CON (p < 0.01), indicating that ZEA treatment significantly
promoted the apoptosis of IPEC-J2 cells. Compared with the ZEA group, the number of
TUNEL-positive cells in the A2 group and the ZEA+A2 group was significantly reduced
(p < 0.01). A2 could weaken the effect of ZEA on cell apoptosis, significantly reduce the
toxic damage caused by ZEA on cells, and provide an important reference for further
research into the mechanism of cell apoptosis and the prevention and treatment of toxicity.
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Figure 2. Effects of ZEA and A2 on the apoptosis of IPEC-J2 cells. Note: The images in Figure (a)
were randomly selected under a 200× magnification field of view, Figure (b), detailed analysis was
conducted on the proportion of TUNEL positive cells using GraphPad-prism software, and each
group of experiments includes the average ± SD of at least five independent replicates (n = 5). Among
them, “**” denotes a highly significant difference compared to the ZEA and CON groups (p < 0.01),
while “##” denotes a highly significant difference between the A2 group or A2+ZEA group and the
ZEA group (p < 0.01).
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2.3. Detection Results of the IPEC-J2 Cell Cycle

As shown in Figure 3, ZEA treatment significantly decreased the proportion of cells
in the G1 phase (p < 0.05), while increasing the proportion of cells in the S and G2 phases
(p < 0.01). The finding indicated that ZEA may promote cells to enter the DNA replication
and division stage prematurely, thereby reducing the time for the cell growth and functional
recovery. This change in the cell cycle may be related to ZEA-induced oxidative stress
and cell damage. After A2 treatment, there was a significant change in the distribution of
cell cycles. Compared with the ZEA group, the proportion of cells in the A2 group and
A2+ZEA group significantly increased in the G1 phase (p < 0.01), while the proportion in
the S and G2 phases was remarkably decreased (p < 0.05 and p < 0.01). The addition of A2
could correct the cell cycle abnormalities caused by ZEA, allowing cells to stay longer in
the growth and functional recovery stages, thus helping to reduce the oxidative damage of
ZEA to cells.

Toxins 2024, 16, x FOR PEER REVIEW 6 of 22 
 

 

A2 could correct the cell cycle abnormalities caused by ZEA, allowing cells to stay longer 

in the growth and functional recovery stages, thus helping to reduce the oxidative damage 

of ZEA to cells. 

 

 
 

(a) 

 
(b) 

Figure 3. In the Figure (a) changes in cell cycle were detected using flow cytome. the Figure (b) cell 

cycle was analyzed using GraphPad price software.Effects of ZEA and A2 on the cell cycle of IPEC-

J2 cells. Note: Flow cytometry analysis of the cell cycle distribution showed that ZEA-induced cell 

cycle arrest occurred in the S and G2 phases. Each group of data has an average of three independent 

replicates ± SD (n = 3). Among them, “*” indicates a significant difference compared to the ZEA and 

CON groups (p < 0.05), “**” represents a very significant difference compared to the ZEA and CON 

groups (p < 0.01), “#” denotes a significant difference between the A2 group or A2+ZEA group and 

the ZEA group (p < 0.05), and “##” represents a very significant difference between the A2 group or 

A2+ZEA group and the ZEA group (p < 0.01). 

  

Figure 3. In the Figure (a) changes in cell cycle were detected using flow cytome. the Figure (b) cell
cycle was analyzed using GraphPad price software.Effects of ZEA and A2 on the cell cycle of IPEC-J2
cells. Note: Flow cytometry analysis of the cell cycle distribution showed that ZEA-induced cell cycle
arrest occurred in the S and G2 phases. Each group of data has an average of three independent
replicates ± SD (n = 3). Among them, “*” indicates a significant difference compared to the ZEA and
CON groups (p < 0.05), “**” represents a very significant difference compared to the ZEA and CON
groups (p < 0.01), “#” denotes a significant difference between the A2 group or A2+ZEA group and
the ZEA group (p < 0.05), and “##” represents a very significant difference between the A2 group or
A2+ZEA group and the ZEA group (p < 0.01).
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2.4. Results of Transcriptomics Analysis
2.4.1. Repetitive Correlation Assessment

A principal component analysis (PCA) was used to analyze transcriptomic data. As
shown in Figure 4, the sample points of the CON and A2 groups are relatively close,
implying that the addition of A2 had a small effect on the gene expression in IPEC−J2 cells.
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Figure 4. Repetitive correlation assessment in transcriptomics. Note: Each coordinate represents an
independent principal component, and the corresponding percentage reflects the contribution of each
principal component to the sample differences. Each data point represents a sample, while samples
in different groups are distinguished by different colors and shapes.

2.4.2. Analysis of Differential Gene Expression

For the comparison between the CON group and the ZEA group (Figure 5a), a total of
7214 genes were detected showing significant differences, with 3451 genes upregulated and
3763 genes downregulated. In the comparison between the ZEA group and the A2+ZEA
group, a total of 7467 significantly different genes were found, including the upregulation
of 3734 genes and downregulation of 3733 genes. These data show that the treatment of
ZEA and A2 can significantly affect the expression of the genome.

The results of Figure 5b,c can further validate the significant effects of ZEA and A2
treatment on genome expression. Compared to the number of unchanged genes, there
are a large number of genes with significant changes in expression levels. This discovery
emphasizes the profound effects of these two treatments on the cell gene expression, making
it necessary for us to assess the treatment effects and potential biological mechanisms of
action thereof.
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Figure 5. Analysis of differential gene expression. Note: The horizontal axis of Figure (a) represents
different sets of differentially expressed genes, with blue, green, and orange distinguishing the
total number of genes, the number of upregulated and downregulated genes, and the vertical axis
representing the specific number of genes. In the differential expression volcano diagram of Figure
(b,c), each data point corresponds to a gene. In the diagram, the horizontal axis stands for the
logarithmic difference in the gene expression between the two samples, while the vertical axis
denotes the negative logarithmic difference in changes of gene expression. The blue data points
represent downregulated differentially expressed genes, the red represents upregulated differentially
expressed genes, and the gray denotes genes without differentially expressed genes.

2.4.3. Analysis of Differential Gene Enrichment

Through a GO enrichment analysis, as shown in Figure 6, after 12 h of ZEA treatment,
a series of biological processes involving gene regulation were discovered in terms of
biological processes. This includes the regulation of metabolic processes, regulation of
cellular metabolic processes, and regulation of macromolecular processes. These results
indicate that the treatment of ZEA affects the regulation of cellular processes and regulation
of macroporous processes, showing that ZEA plays an important role in cellular signaling
and metabolic regulation. Secondly, in terms of cellular composition, ZEA treatment
triggered significant changes in the internal composition of cells. These changes covered
important cellular components such as the nucleus, cycloplast, cyclosol, and nucleoplast.
This indicates that ZEA has a significant effect on the internal environment of cells and
the composition of certain organelles. In terms of molecular functions, the role of ZEA
involves multiple key molecular functions. This includes ATP binding, metal ion binding,
and molecular functions. These findings further prove that ZEA, as a toxic substance, may
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interfere with important biological pathways such as neural conduction, energy metabolism,
and protein synthesis in cells.
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As shown in Figure 7, the ZEA group also experienced significant changes in gene
function after A2 pretreatment for three hours. In terms of biological processes, there were
more genes involved in functional changes in biological processes and cellular processes;
in terms of cellular composition, the number of genes involved in the nucleus, cycloplast,
cyclosol, and nucleoplast remained relatively high; in terms of molecular function, the
number of metal ion binding genes significantly decreased.

Toxins 2024, 16, x FOR PEER REVIEW 10 of 22 
 

 

 
(c) 

Figure 6. GO enrichment analysis of differential genes between the CON group and ZEA group. 

Note: The horizontal axis Gene Num in the figure annotates the number of genes, while the vertical 

axis lists each GO annotation. To better distinguish between the results, columns of different colors 

were used in the figure to represent the q value of the hypergeometric test. (a):Biological process，

(b):Cellular Cpmponent，(c):Molecular Function. 

 

 
(a) 

 
Figure 7. Cont.



Toxins 2024, 16, 44 10 of 21Toxins 2024, 16, x FOR PEER REVIEW 11 of 22 
 

 

 
(b) 

 

 
(c) 

Figure 7. GO enrichment analysis of differential genes between the ZEA group and A2+ZEA group. 

Note: The horizontal axis Gene Num in the figure annotates the number of genes, while the vertical 

axis lists each GO annotation. To better distinguish between the results, columns of different colors 

were used in the figure to represent the q value of the hypergeometric test. (a): Biological process, 

(b): cellular component, (c): molecular function. 

2.4.4. KEGG Annotation Analysis 

As shown in Figures 8 and 9, a series of KEGG pathways can be significantly enriched 

in the MAPK pathway, PI3K-AKT pathway, FoxO pathway, mTOR pathway, and Wnt 

signaling pathway. The finding indicates that ZEA may trigger inflammatory and 

Figure 7. GO enrichment analysis of differential genes between the ZEA group and A2+ZEA group.
Note: The horizontal axis Gene Num in the figure annotates the number of genes, while the vertical
axis lists each GO annotation. To better distinguish between the results, columns of different colors
were used in the figure to represent the q value of the hypergeometric test. (a): Biological process,
(b): cellular component, (c): molecular function.

2.4.4. KEGG Annotation Analysis

As shown in Figures 8 and 9, a series of KEGG pathways can be significantly enriched
in the MAPK pathway, PI3K-AKT pathway, FoxO pathway, mTOR pathway, and Wnt
signaling pathway. The finding indicates that ZEA may trigger inflammatory and oxidative
stress responses within cells. The significant changes in these pathways may be related to
the regulation of cellular immune functions, cell growth, and metabolic processes.
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number of annotated genes.
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2.5. Expression of Related Genes and Proteins

As shown in Figure 10a, compared to the CON group, the mRNA expression levels of
c-Myc and Cytochrome C in the ZEA group significantly increased (p < 0.01). The results
suggested that the gene expression of c-Myc and Cyto C in cells was significantly regulated
when subjected to ZEA treatment. C-Myc is an important transcription factor that plays a
crucial role in cell cycle regulation and cell proliferation. High expression levels of Cyto
C may indicate activation of the cell apoptosis pathway, leading to an increase in cell
apoptosis, which coincides with the TUNEL staining results of this experiment. These
results suggest that ZEA may have affected the cell cycle and apoptosis pathways. On
the contrary, the A2 and A2+ZEA groups showed a significant decrease in the mRNA
expression levels of c-Myc and Cyto C compared to the ZEA group (p < 0.01). These
results may imply that the intervention of probiotic A2 can reverse the increased expression
of c-Myc and Cyto C caused by ZEA, help restore the normal cell cycle and apoptosis
pathways, and alleviate the adverse effects of ZEA on cells. Figure 10b,c depict the protein
expression levels of the c-Myc and Cyto C genes, which are consistent with the mRNA
expression trends of the corresponding genes.

Toxins 2024, 16, x FOR PEER REVIEW 13 of 22 
 

 

Figure 9. KEGG enrichment analysis of differential genes between the ZEA group and A2+ZEA 

group. Note: The left coordinate indicates the specific name of the KEGG metabolic pathway, while 

the right coordinate represents the primary classification name related to the pathway. The horizon-

tal coordinate denotes the number of genes annotated under this pathway and its proportion to the 

total number of annotated genes. 

2.5. Expression of Related Genes and Proteins 

As shown in Figure 10a, compared to the CON group, the mRNA expression levels 

of c-Myc and Cytochrome C in the ZEA group significantly increased (p < 0.01). The results 

suggested that the gene expression of c-Myc and Cyto C in cells was significantly regu-

lated when subjected to ZEA treatment. C-Myc is an important transcription factor that 

plays a crucial role in cell cycle regulation and cell proliferation. High expression levels of 

Cyto C may indicate activation of the cell apoptosis pathway, leading to an increase in cell 

apoptosis, which coincides with the TUNEL staining results of this experiment. These re-

sults suggest that ZEA may have affected the cell cycle and apoptosis pathways. On the 

contrary, the A2 and A2+ZEA groups showed a significant decrease in the mRNA expres-

sion levels of c-Myc and Cyto C compared to the ZEA group (p < 0.01). These results may 

imply that the intervention of probiotic A2 can reverse the increased expression of c-Myc 

and Cyto C caused by ZEA, help restore the normal cell cycle and apoptosis pathways, 

and alleviate the adverse effects of ZEA on cells. Figure 10b,c depict the protein expression 

levels of the c-Myc and Cyto C genes, which are consistent with the mRNA expression 

trends of the corresponding genes. 

 
(a) 

 
(b) 

 
(c) 

Figure 10. Expression of cell cycle-related genes. Note: Figure (a) shows the mRNA expression level 

of the target gene, while Figure (b,c) present the protein expression and statistical analysis of the 

gene, respectively. Each experiment consists of three independent replicates, with “**” indicating a 

Figure 10. Expression of cell cycle-related genes. Note: Figure (a) shows the mRNA expression level
of the target gene, while Figure (b,c) present the protein expression and statistical analysis of the
gene, respectively. Each experiment consists of three independent replicates, with “**” indicating
a significant difference compared to the ZEA and CON groups (p < 0.01), and “##” representing a
significant difference between the A2 group or A2+ZEA group and the ZEA group (p < 0.01).
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IL6 and TNF-α are key regulatory factors in the inflammatory process, and NF-κB1 is
an important regulatory factor in the inflammatory signaling pathway. As illustrated in
Figure 11a, compared to the CON group, the ZEA group showed significant differences
in IL6 TNF-α and NF-κB1. The mRNA expression level of ZEA significantly increased
(p < 0.01), indicating an enhanced inflammatory response in the ZEA group. On the other
hand, compared to the ZEA group, the IL-6, TNF-α, and NF-κB levels of mRNA expression
were significantly decreased (p < 0.01). This finding indicates that probiotic A2 has a
positive effect on suppressing an inflammatory response. Figure 11b,c demonstrate that
IL6, TNF-α, and NF-κB1 protein expression levels of genes are consistent with the mRNA
expression trends of corresponding genes.

As shown in Figure 12a, compared with the CON group, it was found that for Wnt10
and β-catenin, the mRNA level of expression of FRZB was significantly upregulated
in the ZEA group (p < 0.01), while the expression level of FRZB was significantly de-
creased (p < 0.01). This result indicated that under the conditions of ZEA treatment, the
Wnt/FRZB/β-catenin pathway was activated. Compared with the A2+ZEA group, the
level of mRNA expression of FRZB significantly decreased in the A2+ZEA group (p < 0.01),
while the expression level of FRZB significantly increased (p < 0.01). This implied that
the intervention of probiotic A2 affects the Wnt/FRZB/β-catenin pathway, leading to
significant changes in the expression levels of key factors in the pathway. Figure 12b,c show
that Wnt10 β-catenin and protein expression levels of the FRZB gene are consistent with
the mRNA expression trends of the corresponding genes.
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very significant difference between the A2 group or A2+ZEA group and the ZEA group (p < 0.01).

3. Discussion

ROS, as a type of ROS molecule within cells [24], play a crucial role in oxidative stress,
and antioxidants help neutralize these free radicals [25]. Under normal physiological condi-
tions, ROS have important signaling and regulatory functions; however, under intracellular
oxidative stress, the production of ROS significantly increases, leading to intracellular
oxidative stress [26]. ROS can interact with DNA, proteins, and lipids, ultimately resulting
in cell apoptosis or necrosis, as well as changes in the cell cycle [27–29]. In response to
the threat of ROS, organisms are equipped with a complex antioxidant system, including
SOD, GSH-PX, T-AOC, and CAT [30]. These antioxidant substances work together to help
neutralize ROS, maintain redox balance, and prevent cell damage [31,32].

Antioxidants can enhance the activity of intracellular antioxidant enzymes and main-
tain a redox balance by promoting the synthesis of antioxidant enzymes [33]. These
substances work together to enhance the antioxidant capacity of cells, thereby reducing the
toxic damage caused by fungal toxins [34]. Antioxidants include T-SOD, GSH-PX, and CAT,
which can quickly clear ROS [35,36]. Our research results are consistent with this finding.
After adding A2, the expression levels of T-SOD, GSH-PX, T-AOC, and CAT in IPEC-J2
cells exposed to ZEA were significantly increased (p < 0.01). Secondly, A2 may maintain the
intracellular redox balance by decreasing the levels of enzymes such as MDA [15]. In this
study, the expression level of MDA in the A2+ZEA group significantly increased compared
to the ZEA group (p < 0.01). The synergistic effect of these mechanisms helps to improve
the antioxidant capacity of cells and alleviate the toxic damage caused by fungal toxins.
In addition, Bacillus velezensis A2 may reduce fungal toxin-induced ROS generation by
regulating signaling pathways. In addition, A2 also eliminates free radicals within cells by
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enhancing the activity of antioxidant enzymes such as SOD and CAT, alleviating oxidative
stress reactions, and decreasing oxidative damage within cells [37]. These mechanisms help
maintain cell homeostasis and reduce cell damage.

In addition, A2 regulates various stages of the cell cycle by influencing cell cycle-
related proteins such as Cyclin D, CDKs, and p21 [38]. This regulation may be achieved
by altering the expression level (or activity) of these proteins to ensure that cells complete
different stages of the cell cycle at appropriate time points. Finally, A2 may also mediate
cell apoptosis pathways, which affects cell survival and death decisions by regulating
apoptosis-related proteins such as the Bcl-2 family, c-Myc, Cytochrome C, etc. [39].

A2 inhibits the expression of inflammatory-related genes such as IL-6, TNF-α, and
IL-1 β, alleviating the cellular inflammatory response induced by mycotoxins [40]. The
excessive release of these inflammatory factors is associated with cell damage [41]. A2
may inhibit IL-6 and TNF-α. The production of A2 to alleviate inflammation usually in-
volves NF-κB intervention and inhibition of the signaling NF-κB pathways. To reduce the
synthesis and secretion of inflammatory factors [42], NF-κB is an important transcription
factor involved in the regulation of inflammatory genes. When not stimulated-NF-κB
located in the cytoplasm, but in fungal toxin-induced cellular inflammation, NF-κB acti-
vated and migrated to the nucleus, promoting the transcription of inflammation-related
genes [43]. Therefore, A2 affects the NF-κB activation and nuclear translocation to suppress
the inflammatory response.

In-depth research was conducted on the changes in the gene expression levels in
cells treated with A2 using a transcriptome analysis. This research included identifying
upregulated and downregulated genes. For the ZEA group and A2+ZEA group, a total
of 7467 genes showed significant changes, involving pathways related to inflammation,
oxidative stress, and cell cycle. Wnt/FRZB/β-catenin signal pathways were screened out
to gain a deeper understanding of the effect of the A2 strain on the cellular gene regulation.

The Wnt/FRZB/β-catenin signaling pathway is an important signaling pathway
involved in biological processes such as cell growth, differentiation, and tissue development.
The core members of this pathway include the Wnt protein, Frizzled receptor family (such
as FRZB), and β-catenin. Under normal circumstances, the binding of the Wnt protein
can activate the Frizzled receptor, leading to β-catenin stability and the accumulation of
catenin, thereby activating the Wnt/β-catenin signaling pathway. However, in some cases,
FRZB can antagonize the effect of the Wnt protein, thus reducing the stability and activity
of β-catenin. The abnormal activation or inhibition of this pathway is related to various
diseases and biological processes, which are of great significance for studying cell signaling
and physiological regulation.

After A2 intervention, the mRNA expression level of Wnt10 and β-catenin significantly
decreased in the A2+ZEA group (p < 0.01), while the expression level of FRZB significantly
increased (p < 0.01). This indicates that the treatment of A2 may affect Wnt/FRZB/β-catenin
activity. The activity of this pathway exerts a significant influence, leading to significant
changes in the expression levels of key factors in the pathway. In this experiment, the
expression of Wnt/FRZB/β-catenin signaling pathways in various groups was analyzed,
providing important information about trends in the expression of these genes under
different processing conditions. Compared to the CON group, the mRNA expression levels
of IL-6 TNF- α, IL-1β, and NF-κB were significantly increased (p < 0.01), which is consistent
with the results of this experiment. In addition, after A2 intervention, the mRNA expression
level of FRZB significantly decreased in the A2+ZEA group (p < 0.01), while the expression
level of FRZB significantly increased (p < 0.01). This indicates that the treatment of A2 may
affect the Wnt/FRZB/β-catenin pathway that has a significant effect, leading to significant
changes in the expression levels of key factors in this pathway.

4. Conclusions

ZEA increases the levels of oxidative active substances ROS and MOD in IPEC-J2 cells;
decreases the levels of antioxidant enzyme active substances T-SOD, GSH-PX, T-AOC, and
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CAT; and disrupts the intracellular redox balance. The addition of Bacillus velezensis A2
can eliminate oxidative active substances in IPEC-J2 cells, increase the level of antioxidant
enzyme active substances in cells, and thereby maintain the intracellular redox state; it also
reduces the proportion of cells suffering apoptosis and restores normal cell cycles.

Bacillus velezensis A2 regulates the Wnt/FRZB/β-catenin oxidation signaling pathway
within IPEC-J2 cells, and significantly downregulates the level of expression of the Wnt,
β-catenin gene, upregulating the level of expression of the FRZB gene. It downregulates the
level of expression of inflammation-related genes IL6, TNF-α, and NF-κB1, and downregu-
lates the levels of expression of cell transcription factor c-Myc and the cell cycle regulatory
protein cytochrome C gene. These results indicate that Bacillus velezensis A2 reduces the
oxidative and inflammatory damage to cells caused by ZEA, alleviating the adverse effects
of ZEA on cell apoptosis and cell cycles; Bacillus velezensis A2 has played a positive role in
antagonizing the damage caused by ZEA to mouse cecum and IPEC-J2 cells.

5. Materials and Methods
5.1. Test Grouping

Four groups, a blank control group (CON), ZEA toxin group (ZEA), A2 group (Bacillus
velezensis A2), and detoxification group (A2+ZEA) were established. Based on previous
experiments conducted by our research group, 110 µmol/L ZEA (Pribolab, Qingdao, China)
was selected for this experiment and 1011 CFU/L A2 could be used as the experimental
dosage. Among them, cells in the CON group were cultured normally for 15 h; the A2
group was first cultured with A2 strain for three hours, washed, and then cultured normally
for 12 h; after three hours of normal culture of the cells in the ZEA group, ZEA was treated
for 12 h; the A2+ZEA group was first cultured with A2 strain for three hours, followed by
washing, and adding ZEA-treated cells for 12 h.

5.2. Cultivation of Test Strains and Cells

Bacillus velezensis A2 (A2) was isolated and stored by the Laboratory of the School of
Animal Husbandry and Veterinary Medicine, Shenyang Agricultural University, China.
Small intestinal porcine epithelial cells (IPEC-J2) were purchased from Shanghai Mingjin
Biological Cells Co., Ltd. (Shanghai, China).

A2 was introduced into a 5 mL LB (Solarbio, Beijing, China) liquid medium using
a sterile inoculation method. The cultivation conditions were 37 ◦C and 150 rpm, after
continuous cultivation for 24 h, we inoculated A2 of 1% into 20 mL LB medium.

IPEC-J2 cells were cultured in T25 cell bottles. The culture medium contained: 89%
DMEM high glucose medium (Thermo Fisher Scientific, Shanghai, China), 10% fetal bovine
serum (Servicebio, Wuhan, China), 1% penicillin and streptomycin (Solarbio, Beijing,
China). The samples were cultivated at 37 ◦C in an atmosphere containing 5% CO2 (v/v).

5.3. Detection of IPEC-J2 Cell Oxidation Indicators

During the experiment, IPEC-J2 cell oxidation indicators were detected according
to the instructions supplied with the ELISA reagent kit, including ROS (Beijing Solebao
Technology Co., Ltd., Beijing, China), T-SOD (Beijing Solebao Technology Co., Ltd.), GSH-
PX (Shanghai Zeye Biotechnology Co., Ltd., Shanghai, China), T-AOC (Shanghai Yaji
Biotechnology Co., Ltd., Shanghai, China), MDA (Beijing Solebao Technology Co., Ltd.),
and CAT (Shanghai Silk Biotechnology Co., Ltd., Shanghai, China).

5.4. The TUNEL Method for Detecting Cell Apoptosis

We fixed cells with 4% paraformaldehyde (Solarbio, Beijing, China) at room tempera-
ture for 30 min, after washing with PBS (Solarbio, Beijing, China), then added 0.1% Triton
X-100 (Solarbio, Beijing, China) to the treated cells for 10 min. A reaction mixture was pre-
pared according to the instructions supplied with the one-step TUNEL In-Situ Apoptosis kit
(Pricella, Wuhan, China), and the cell nucleus was stained. Then, the sample was observed
using a fluorescence microscope (Thermo Fisher Scientist, Shanghai, China) at a green
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wavelength of 490 nm and apoptotic events were labeled. Image J 2.0 analysis software
was used to select five fields of view at random from the cell slides of each treatment group
(200×). We then performed cell counting and analyzed the proportion of TUNEL-positive
cells using GraphPad-prism 8.0 software.

5.5. Flow Cytometry Detection of the Cell Cycle

Each experimental group was established with three independent replicates. Cells
were digested with 0.25% trypsin (Yeasen, Shanghai, China), precooled with 75% ethanol
(Solarbio, Beijing, China), and fixed at 4 ◦C for 4 h, whereafter we added a PI staining
solution (50 ug/mL, green, Solarbio, Beijing, China), then incubated the samples at 4 ◦C
in the dark for 30 min. Using an Attune CytPix imaging flow cytometer (Thermo Fisher
Scientist, Shanghai, China), detection was undertaken using standard procedures; the
results were analyzed using cell cycle fitting software ModFit 3.0.

5.6. Transcriptome Sequencing

Transcriptome sequencing consisted of four groups, each with three biological repli-
cates. The animal total RNA was extracted according to the instruction manual supplied
with the TRlzol reagent kit (Life Technologies, Framingham, MA, USA). RNA concentration
and purity were measured using NanoDrop 2000 (Thermo Fisher Scientific, Wilmington,
DE, USA). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA).

Sequencing libraries were generated using the Hieff NGS Ultima Dual-mode mRNA
Library Prep kit for Illumina (Yeasen Biotechnology (Shanghai) Co., Ltd.) following the
manufacturer’s recommendations, and index codes were added to attribute sequences to
each sample. The library fragments were purified with the AMPure XP system (Beckman
Coulter, Beverly, MA, USA). The PCR was then performed with Phusion High-Fidelity
DNA polymerase, Universal PCR primers, and Index (X) Prime. The PCR products were
purified (AMPure XP system), and library quality was assessed on the Agilent Bioanalyzer
2100 system. The libraries were sequenced on an Illumina NovaSeq platform to generate
150 bp paired-end reads, according to the manufacturer’s instructions. The raw reads were
further processed with a bioinformatic pipeline tool, the BMKCloud (www.biocloud.net
(accessed on 11 December 2023)) online platform. A gene ontology (GO) enrichment
analysis of the differentially expressed genes was implemented by the clusterProfiler
packages based on a Wallenius non-central hyper-geometric distribution.

The KOBAS database and clusterProfiler 4.0 software were employed to assess the
statistical enrichment of differentially expressed genes in KEGG pathways.

5.7. Detection of mRNA Expression Levels in IPEC-J2 Cells

The following reaction procedure was conducted following the quantitative real-time
PCR reagent kit instruction manual (Takara, Shanghai, China): pre-denaturation was
performed at 95 ◦C for 10 s, with a subsequent cyclic reaction as follows: the primer was
annealed at 60 ◦C for 30 s, then extended at 72 ◦C for 15 s over a total of 40 cycles. The
upstream and downstream primers of all genes in the experiment were synthesized by
Sangon Biotech Company (Shanghai, China), Table 1. We calculated the mRNA expression
using the ∆∆Ct method and analyzed the data using Graphpad Prism8.0 software.

Table 1. Primer sequences.

Gene Name FORWARD REVERS Size (bp)

β-catenin AGCTGCTGTTCTGTTCCGTATGTC CATGGCATTGGCTCGGTCCTG 105
FRZB ACTTCCAACACGAGCCTATTAAGC GTGGCGGTACTTGATGAGAATGG 89

WNT10 GCTCCTCTTCTTCCTACTGCTG AGTCGGAGGCCCAAAATATCG 75
β-actin CTGTCCCTGTATGCCTCTG TTGATGTCACGCACGATT 221

www.biocloud.net
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5.8. Western Blot Detection of Protein Expression

Using the Total Protein Extraction kit (Takara, Shanghai, China) to extract proteins,
protein concentrations were measured using a BCA Protein Assay kit (Takara, Shanghai,
China). Electrophoresis (Bio-Rad Gel Doc XR+ System, Bio-Rad, Hercules, CA, USA) was
conducted under the following conditions: 120 V, 90 min; electric conversion (Bio-Rad Gel
Doc XR+ System, Bio-Rad, Hercules, CA, USA) 300 mA, 90 min. The ECL luminescent
liquid (Bio-Rad, Hercules, CA, USA) was adopted to perform protein imaging using a
protein-imaging instrument (Bio-Rad, Hercules, CA, USA). The samples were analyzed
using Photoshop and Graphpad Prism8.0 software. The names, brands, dilution ratios,
species of origin, and the antibodies used in this experiment are listed in Table 2.

Table 2. Specific situation of antibodies.

Antibody Name Brand Dilution Ratio Species

β-catenin Abclonal (Wuhan, China) 1:1000 Mouse
Wnt10 Abclonal (Wuhan, China) 1:1000 Mouse
FRZB Abclonal (Wuhan, China) 1:6000 Rabbit

GADPH Abclonal (Wuhan, China) 1:1000 Mouse
β-actin Abclonal (Wuhan, China) 1:1000 Mouse

Anti mouse IgG Sangon Biotech (Shanghai, China) 1:10,000 Mouse
Anti rabbit IgG Sangon Biotech (Shanghai, China) 1:10,000 Rabbit

5.9. Data Statistics

The data in this experiment were all obtained from at least three independent replicates,
and the data results were expressed in the form of mean ± standard deviation (X ± SEM).
Statistical analysis software (SPSS20.0) was adopted to conduct a correlation analysis on the
results, and the differences between the groups were compared using a one-way ANOVA.
When p < 0.05, it proved that these data had statistical significance. In addition, the
columnar statistical charts in this experiment were all plotted using the plotting software
Graphpad Prism8.0.

Author Contributions: M.L. conceived of and designed the experiments; J.C. (Jing Cai), X.Y. and
J.C. (Jia Chen) performed the experiments; Y.S., P.L. and S.Y. analyzed the data; M.L. supervised;
J.C. (Jing Cai), writing—original draft preparation; M.L., writing—review and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grants No.
31972746; grants No. 32273074; grants No. 31872538; grants No. 31772809); Basic Scientific Research
Project of Liaoning Provincial Department of Education (LJKZ0632).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: We thank Shenyang Agricultural University for supporting this work.

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

References
1. Zheng, L.; Kelly, C.J.; Battista, K.D.; Schaefer, R.; Lanis, J.M.; Alexeev, E.E.; Wang, R.X.; Onyiah, J.C.; Kominsky, D.J.; Colgan, S.P.

Microbial-Derived Butyrate Promotes Epithelial Barrier Function through IL-10 Receptor-Dependent Repression of Claudin-2.
J. Immunol. 2017, 199, 2976–2984. [CrossRef] [PubMed]

2. De Felice, B.; Spicer, L.J.; Caloni, F. Enniatin B1: Emerging Mycotoxin and Emerging Issues. Toxins 2023, 15, 383. [CrossRef]
[PubMed]

3. Hou, Y.J.; Zhao, Y.Y.; Xiong, B.; Cui, X.S.; Kim, N.H.; Xu, Y.X.; Sun, S.C. Mycotoxin-containing diet causes oxidative stress in the
mouse. PLoS ONE 2013, 8, e60374. [CrossRef] [PubMed]

4. 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, e21944. [CrossRef]

https://doi.org/10.4049/jimmunol.1700105
https://www.ncbi.nlm.nih.gov/pubmed/28893958
https://doi.org/10.3390/toxins15060383
https://www.ncbi.nlm.nih.gov/pubmed/37368684
https://doi.org/10.1371/journal.pone.0060374
https://www.ncbi.nlm.nih.gov/pubmed/23555961
https://doi.org/10.1002/jbt.21944


Toxins 2024, 16, 44 20 of 21

5. Van Le Thanh, B.; Lemay, M.; Bastien, A.; Lapointe, J.; Lessard, M.; Chorfi, Y.; Guay, F. The potential effects of antioxidant feed
additives in mitigating the adverse effects of corn naturally contaminated with Fusarium mycotoxins on antioxidant systems in
the intestinal mucosa, plasma, and liver in weaned pigs. Mycotoxin Res. 2016, 32, 99–116. [CrossRef] [PubMed]

6. Abid-Essefi, S.; Ouanes, Z.; Hassen, W.; Baudrimont, I.; Creppy, E.; Bacha, H. Cytotoxicity, inhibition of DNA and protein
syntheses and oxidative damage in cultured cells exposed to zearalenone. Toxicol. In Vitro 2004, 18, 467–474. [CrossRef]

7. Ferrer, E.; Juan-García, A.; Font, G.; Ruiz, M.J. Reactive oxygen species induced by beauvericin, patulin and zearalenone in
CHO-K1 cells. Toxicol. In Vitro 2009, 23, 1504–1509. [CrossRef]

8. Buchholz, B.M.; Kaczorowski, D.J.; Sugimoto, R.; Yang, R.; Wang, Y.; Billiar, T.R.; McCurry, K.R.; Bauer, A.J.; Nakao, A. Hydrogen
inhalation ameliorates oxidative stress in transplantation induced intestinal graft injury. Am. J. Transplant. 2008, 8, 2015–2024.
[CrossRef]

9. Tian, R.; Tan, J.T.; Wang, R.L.; Xie, H.; Qian, Y.B.; Yu, K.L. The role of intestinal mucosa oxidative stress in gut barrier dysfunction
of severe acute pancreatitis. Eur. Rev. Med. Pharmacol. Sci. 2013, 17, 349–355.

10. Marin, D.E.; Motiu, M.; Taranu, I. Food contaminant zearalenone and its metabolites affect cytokine synthesis and intestinal
epithelial integrity of porcine cells. Toxins 2015, 7, 1979–1988. [CrossRef]

11. Alassane-Kpembi, I.; Pinton, P.; Oswald, I.P. Effects of Mycotoxins on the Intestine. Toxins 2019, 11, 159. [CrossRef] [PubMed]
12. Robert, H.; Payros, D.; Pinton, P.; Théodorou, V.; Mercier-Bonin, M.; Oswald, I.P. Impact of mycotoxins on the intestine: Are

mucus and microbiota new targets? J. Toxicol. Environ. Health Part B 2017, 20, 249–275. [CrossRef] [PubMed]
13. Cheng, Q.; Jiang, S.; Huang, L.; Ge, J.; Wang, Y.; Yang, W. Zearalenone induced oxidative stress in the jejunum in postweaning

gilts through modulation of the Keap1-Nrf2 signaling pathway and relevant genes. J. Anim. Sci. 2019, 97, 1722–1733. [CrossRef]
14. Ruan, D.; Wang, W.C.; Lin, C.X.; Fouad, A.M.; Chen, W.; Xia, W.G.; Wang, S.; Luo, X.; Zhang, W.H.; Yan, S.J.; et al. Effects of

curcumin on performance, antioxidation, intestinal barrier and mitochondrial function in ducks fed corn contaminated with
ochratoxin A. Animal 2019, 13, 42–52. [CrossRef] [PubMed]

15. Kim, Y.J.; Kim, E.H.; Hahm, K.B. Oxidative stress in inflammation-based gastrointestinal tract diseases: Challenges and opportu-
nities. J. Gastroenterol. Hepatol. 2012, 27, 1004–1010. [CrossRef] [PubMed]

16. Wu, T.; Zhang, Y.; Lv, Y.; Li, P.; Yi, D.; Wang, L.; Zhao, D.; Chen, H.; Gong, J.; Hou, Y. Beneficial Impact and Molecular Mechanism
of Bacillus Coagulans on Piglets Intestine. Int. J. Mol. Sci. 2018, 19, 2084. [CrossRef] [PubMed]

17. Xie, S.; Zhang, H.; Matjeke, R.S.; Zhao, J.; Yu, Q. Bacillus coagulans protect against Salmonella enteritidis-induced intestinal
mucosal damage in young chickens by inducing the differentiation of goblet cells. Poult. Sci. 2022, 101, 101639. [CrossRef]

18. Bai, K.; Feng, C.; Jiang, L.; Zhang, L.; Zhang, J.; Zhang, L.; Wang, T. Dietary effects of Bacillus subtilis fmbj on growth performance,
small intestinal morphology, and its antioxidant capacity of broilers. Poult. Sci. 2018, 97, 2312–2321. [CrossRef]

19. Peng, M.; Liu, J.; Liang, Z. Probiotic Bacillus subtilis CW14 reduces disruption of the epithelial barrier and toxicity of ochratoxin
A to Caco-2 cells. Food Chem. Toxicol. 2019, 126, 25–33. [CrossRef]

20. Long, M.; Yang, S.; Zhang, W.; Zhang, Y.; Li, P.; Guo, Y.; Wang, Y.; Chen, X.; He, J. The Influence of Selenium Yeast on Hematological,
Biochemical and Reproductive Hormone Level Changes in Kunming Mice Following Acute Exposure to Zearalenone. Biol. Trace
Elem. Res. 2016, 174, 362–368. [CrossRef]

21. Fu, G.; Wang, L.; Li, L.; Liu, J.; Liu, S.; Zhao, X. Bacillus licheniformis CK1 alleviates the toxic effects of zearalenone in feed on
weaned female Tibetan piglets. J. Anim. Sci. 2018, 96, 4471–4480. [CrossRef] [PubMed]

22. Mu, G.; Gao, Y.; Tuo, Y.; Li, H.; Zhang, Y.; Qian, F.; Jiang, S. Assessing and comparing antioxidant activities of lactobacilli strains
by using different chemical and cellular antioxidant methods. J. Dairy Sci. 2018, 101, 10792–10806. [CrossRef] [PubMed]

23. Wang, H.; Shi, P.; Zuo, L.; Dong, J.; Zhao, J.; Liu, Q.; Zhu, W. Dietary Non-digestible Polysaccharides Ameliorate Intestinal
Epithelial Barrier Dysfunction in IL-10 Knockout Mice. J. Crohns Colitis 2016, 10, 1076–1086. [CrossRef] [PubMed]

24. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev.
2014, 94, 909–950. [CrossRef] [PubMed]

25. Marin, D.E.; Pistol, G.C.; Neagoe, I.V.; Calin, L.; Taranu, I. Effects of zearalenone on oxidative stress and inflammation in weanling
piglets. Food Chem. Toxicol. 2013, 58, 408–415. [CrossRef] [PubMed]

26. Rai, A.; Das, M.; Tripathi, A. Occurrence and toxicity of a fusarium mycotoxin, zearalenone. Crit. Rev. Food Sci. Nutr. 2020, 60,
2710–2729. [CrossRef] [PubMed]

27. Li, J.; Deng, Y.; Wang, Y.; Nepovimova, E.; Wu, Q.; Kuca, K. Mycotoxins have a potential of inducing cell senescence: A new
understanding of mycotoxin immunotoxicity. Environ. Toxicol. Pharmacol. 2023, 101, 104188. [CrossRef]

28. 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. J. Mol. Sci. 2022, 23, 10925.
[CrossRef]

29. Kang, J.; Li, Y.; Ma, Z.; Wang, Y.; Zhu, W.; Jiang, G. Protective effects of lycopene against zearalenone-induced reproductive
toxicity in early pregnancy through anti-inflammatory, antioxidant and anti-apoptotic effects. Food Chem. Toxicol. 2023, 179,
113936. [CrossRef]

30. Kowalczyk, A. The Role of the Natural Antioxidant Mechanism in Sperm Cells. Reprod. Sci. 2022, 29, 1387–1394. [CrossRef]
31. Ji, M.; Gong, X.; Li, X.; Wang, C.; Li, M. Advanced Research on the Antioxidant Activity and Mechanism of Polyphenols from

Hippophae Species—A Review. Molecules 2020, 25, 917. [CrossRef]

https://doi.org/10.1007/s12550-016-0245-y
https://www.ncbi.nlm.nih.gov/pubmed/27021614
https://doi.org/10.1016/j.tiv.2003.12.011
https://doi.org/10.1016/j.tiv.2009.07.009
https://doi.org/10.1111/j.1600-6143.2008.02359.x
https://doi.org/10.3390/toxins7061979
https://doi.org/10.3390/toxins11030159
https://www.ncbi.nlm.nih.gov/pubmed/30871167
https://doi.org/10.1080/10937404.2017.1326071
https://www.ncbi.nlm.nih.gov/pubmed/28636450
https://doi.org/10.1093/jas/skz051
https://doi.org/10.1017/S1751731118000678
https://www.ncbi.nlm.nih.gov/pubmed/29644962
https://doi.org/10.1111/j.1440-1746.2012.07108.x
https://www.ncbi.nlm.nih.gov/pubmed/22413852
https://doi.org/10.3390/ijms19072084
https://www.ncbi.nlm.nih.gov/pubmed/30021943
https://doi.org/10.1016/j.psj.2021.101639
https://doi.org/10.3382/ps/pey116
https://doi.org/10.1016/j.fct.2019.02.009
https://doi.org/10.1007/s12011-016-0725-0
https://doi.org/10.1093/jas/sky301
https://www.ncbi.nlm.nih.gov/pubmed/30169611
https://doi.org/10.3168/jds.2018-14989
https://www.ncbi.nlm.nih.gov/pubmed/30268622
https://doi.org/10.1093/ecco-jcc/jjw065
https://www.ncbi.nlm.nih.gov/pubmed/26944415
https://doi.org/10.1152/physrev.00026.2013
https://www.ncbi.nlm.nih.gov/pubmed/24987008
https://doi.org/10.1016/j.fct.2013.05.033
https://www.ncbi.nlm.nih.gov/pubmed/23727178
https://doi.org/10.1080/10408398.2019.1655388
https://www.ncbi.nlm.nih.gov/pubmed/31446772
https://doi.org/10.1016/j.etap.2023.104188
https://doi.org/10.3390/ijms231810925
https://doi.org/10.1016/j.fct.2023.113936
https://doi.org/10.1007/s43032-021-00795-w
https://doi.org/10.3390/molecules25040917


Toxins 2024, 16, 44 21 of 21

32. Zhu, L.; Yuan, H.; Guo, C.; Lu, Y.; Deng, S.; Yang, Y.; Wei, Q.; Wen, L.; He, Z. Zearalenone induces apoptosis and necrosis in
porcine granulosa cells via a caspase-3- and caspase-9-dependent mitochondrial signaling pathway. J. Cell. Physiol. 2012, 227,
1814–1820. [CrossRef] [PubMed]

33. Yan, R.; Wang, H.; Zhu, J.; Wang, T.; Nepovimova, E.; Long, M.; Li, P.; Kuca, K.; Wu, W. Procyanidins inhibit zearalenone-induced
apoptosis and oxidative stress of porcine testis cells through activation of Nrf2 signaling pathway. Food Chem. Toxicol. 2022, 165,
113061. [CrossRef] [PubMed]

34. Sun, H.; Mu, B.; Song, Z.; Ma, Z.; Mu, T. The In Vitro Antioxidant Activity and Inhibition of Intracellular Reactive Oxygen Species
of Sweet Potato Leaf Polyphenols. Oxidative Med. Cell. Longev. 2018, 2018, 9017828. [CrossRef] [PubMed]

35. Guan, H.; Ma, W.; Wu, Q.; Cai, J.; Zhang, Z. Exploring the Toxic Effects of ZEA on IPEC-J2 Cells from the Inflammatory Response
and Apoptosis. Animals 2023, 13, 2731. [CrossRef]

36. Bai, J.; Zhou, Y.; Luo, X.; Hai, J.; Si, X.; Li, J.; Fu, H.; Dai, Z.; Yang, Y.; Wu, Z. Roles of stress response-related signaling and its
contribution to the toxicity of zearalenone in mammals. Compr. Rev. Food Sci. Food Saf. 2022, 21, 3326–3345. [CrossRef]

37. Errington, J.; Wu, L.J. Cell Cycle Machinery in Bacillus subtilis. Prokaryotic Cytoskelet. Filamentous Protein Polym. Act. Cytoplasm
Bact. Archaeal Cells 2017, 84, 67–101.

38. Levin, P.A.; Grossman, A.D. Cell cycle and sporulation in Bacillus subtilis. Curr. Opin. Microbiol. 1998, 1, 630–635. [CrossRef]
39. Uhl, E.; Wolff, F.; Mangal, S.; Dube, H.; Zanin, E. Light-Controlled Cell-Cycle Arrest and Apoptosis. Angew. Chem. Int. Ed. 2021,

60, 1187–1196. [CrossRef]
40. Cai, J.; Wang, N.; Chen, J.; Wu, A.; Nepovimova, E.; Valis, M.; Long, M.; Wu, W.; Kuca, K. Bacillus velezensis A2 Inhibited the

Cecal Inflammation Induced by Zearalenone by Regulating Intestinal Flora and Short-Chain Fatty Acids. Front. Nutr. 2022, 9,
806115. [CrossRef]

41. Li, Q.Y.; Xu, H.Y.; Yang, H.J. Effect of proinflammatory factors TNF-α, IL-1β, IL-6 on neuropathic pain. Zhongguo Zhong Yao Za
Zhi 2017, 42, 3709–3712. [PubMed]

42. Nennig, S.E.; Schank, J.R. The Role of NFkB in Drug Addiction: Beyond Inflammation. Alcohol Alcohol. 2017, 52, 172–179.
[CrossRef] [PubMed]

43. Lv, W.; Booz, G.W.; Wang, Y.; Fan, F.; Roman, R.J. Inflammation and renal fibrosis: Recent developments on key signaling
molecules as potential therapeutic targets. Eur. J. Pharmacol. 2018, 820, 65–76. [CrossRef] [PubMed]

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

https://doi.org/10.1002/jcp.22906
https://www.ncbi.nlm.nih.gov/pubmed/21732350
https://doi.org/10.1016/j.fct.2022.113061
https://www.ncbi.nlm.nih.gov/pubmed/35489465
https://doi.org/10.1155/2018/9017828
https://www.ncbi.nlm.nih.gov/pubmed/29643978
https://doi.org/10.3390/ani13172731
https://doi.org/10.1111/1541-4337.12974
https://doi.org/10.1016/S1369-5274(98)80107-0
https://doi.org/10.1002/anie.202008267
https://doi.org/10.3389/fnut.2022.806115
https://www.ncbi.nlm.nih.gov/pubmed/29235283
https://doi.org/10.1093/alcalc/agw098
https://www.ncbi.nlm.nih.gov/pubmed/28043969
https://doi.org/10.1016/j.ejphar.2017.12.016
https://www.ncbi.nlm.nih.gov/pubmed/29229532

	Introduction 
	Results 
	Detection Results of IPEC-J2 Cell Oxidation Indicator 
	Detection Results of IPEC-J2 Cell Apoptosis 
	Detection Results of the IPEC-J2 Cell Cycle 
	Results of Transcriptomics Analysis 
	Repetitive Correlation Assessment 
	Analysis of Differential Gene Expression 
	Analysis of Differential Gene Enrichment 
	KEGG Annotation Analysis 

	Expression of Related Genes and Proteins 

	Discussion 
	Conclusions 
	Materials and Methods 
	Test Grouping 
	Cultivation of Test Strains and Cells 
	Detection of IPEC-J2 Cell Oxidation Indicators 
	The TUNEL Method for Detecting Cell Apoptosis 
	Flow Cytometry Detection of the Cell Cycle 
	Transcriptome Sequencing 
	Detection of mRNA Expression Levels in IPEC-J2 Cells 
	Western Blot Detection of Protein Expression 
	Data Statistics 

	References

