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Abstract: Deoxynivalenol (DON), a mycotoxin that contaminates crops such as wheat and corn, can
cause severe acute or chronic injury when ingested by animals or humans. This study investigated
the protective effect of ferulic acid (FA), a polyphenolic substance, on alleviating the toxicity induced
by DON (40 µM) in IPEC-J2 cells. The experiments results showed that FA not only alleviated the
decrease in cell viability caused by DON (p < 0.05), but increased the level of superoxide dismutase
(SOD) (p < 0.01), glutathione peroxidase (GSH-Px), (catalase) CAT and glutathione (GSH) (p < 0.05)
through the nuclear factor erythroid 2-related factor 2 (Nrf2)-epoxy chloropropane Kelch sample
related protein-1 (keap1) pathway, and then decreased the levels of intracellular oxidative stress.
Additionally, FA could alleviate DON-induced inflammation through mitogen-activated protein
kinases (MAPKs) and nuclear factor kappa-B (NF-κB) pathways, down-regulated the secretion of
interleukin-6 (IL-6) (p < 0.0001), interleukin-8 (IL-8) (p < 0.05), interleukin-1β (IL-1β), interferon-
γ (IFN-γ) and further attenuated the DON-induced intracellular apoptosis (10.7% to 6.84%) by
regulating the expression of Bcl2-associated X protein (Bax) (p < 0.0001), B-cell lymphoma-2 (Bcl-2)
(p < 0.0001), and caspase-3 (p < 0.0001). All these results indicate that FA exhibits a significantly
protective effect against DON-induced toxicity.

Keywords: ferulic acid; deoxynivalenol; oxidative stress; inflammatory; apoptosis

Key Contribution: The study found that FA could attenuate the cytotoxicity of DON by ameliorating
the decrease in cell viability and cell morphological changes. Additionally, FA could alleviate DON-
induced oxidative stress, inflammation and apoptosis in IPEC-J2 cells through Nrf2-kepa1, MAPKs,
NF-κB and mitochondrial apoptosis pathways.

1. Introduction

Mycotoxins are a class of potentially toxic secondary metabolites produced by fungi.
Contamination of food with mycotoxins is a serious problem facing the world, even when
good storage and processing practices are adopted, which poses a major challenge to food
safety [1]. DON, a Fusarium toxin, belongs to trichothecenes, and its contamination is
widespread among products in different regions of the world, which seriously affects
animal productivity and threatens human health [2]. Maize samples from heavy or extreme
rainfall regions were observed with DON ≥ 1000 µg/kg, and wheat samples were found
with DON > 1250 µg/kg in Switzerland and Luxembourg [3]. In China, wheat samples
were detected with 5521.2 µg/kg, which were five-fold higher than the Chinese national
standard GB 2761 [4]. DON has strong thermal stability and it is hard to destroy its compo-
sition during food processing [5]. When DON enters the human or animal body through
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the food chain, it will cause acute toxicity including anorexia, diarrhea, gastroenteritis,
endotoxemia and even shock-like death [6]. Chronic DON intake can damage the intesti-
nal barrier function, which can lead to nutrient absorption disorders and intestinal flora
imbalance [7–9]. Regarding the toxicity of DON, researchers found that DON treatment
decreased the antioxidative status of cells and increased the expression of genes associated
with inflammation and apoptosis, such as IL-6, and IL-1β [10]. Therefore, it is necessary to
find effective methods to reduce the oxidative stress, inflammation and apoptosis induced
by DON to reduce its possible toxicity to humans or animals.

Plant extracts such as dihydromyricetin, chlorogenic acid, resveratrol, and quercetin
refer to a class of compounds that have a wide range of physiological activities including
antioxidation, free radical scavenging and anti-UV radiation activities. In recent years,
many researchers have confirmed the intervention effect of phenolic acid compounds
on the toxicity of mycotoxins. Lutein and epigallocatechin-3-gallate have been proven to
interfere with cell damage such as oxidative stress and inflammation caused by DON [11,12].
Resveratrol and eugenol have also been shown to improve the cytotoxicity induced by
zearalenone and citrinin, respectively [13,14]. As a phenolic compound, FA is widely
present in vegetables and fruits, such as tomatoes, sweet corn and rice grain [15]. It is also an
effective ingredient of Chinese herbal medicine (angelica, coptis) that has the physiological
effects of promoting blood circulation and removing blood stasis. Recently, a large number
of studies have explored the properties, physiological functions and applications of FA and
its derivatives. Bumrungpert discovered the potential of FA in reducing cardiovascular
diseases [16]. Their results showed that FA reduced the oxidative stress biomarker MDA
and inflammation marker tumor necrosis factor-α (TNF-α) in subjects. Another researcher
explored the effect of FA on gentamicin-induced nephrotoxicity and found that FA reduced
the expression of SOD, GSH, CAT, IL-6 and other stress indicators in rats, which had
a protective effect on the kidneys [17]. Although some information is available on the
protective role of FA in the various capacities mentioned above, the cytoprotective role
against deoxynivalenol induced cytotoxicity, oxidative stress, inflammation and apoptosis
has not been studied.

This study focused on how FA alleviates DON-induced cytotoxicity, oxidative stress,
inflammation and apoptosis in IPEC-J2 cells, and from the related pathways, we studied
the mechanism of FA through Nrf2-keap1, MAPKs, and NF-κB pathways to alleviate the
intracellular state changes caused by DON, thereby determining the effectiveness of FA in
reducing the damage of DON.

2. Results
2.1. FA and DON on Cell Viability of IPEC-J2 Cells

IPEC-J2 cells were treated with different concentrations of FA (0, 5, 10, 20, 40, 60, 80,
100 µM) or DON (0, 2, 4, 6, 8, 10, 20, 40, 60, 80 µM) alone for 12 h. The result is shown
in Figure 1A,B, and FA had no obvious toxicity to IPEC-J2 cells. In results, when the FA
concentration was 60 µM, the cell viability could reach a peak value of 115.16%, so 60 µM
was chosen as the FA concentration for subsequent experiments. However, DON did show
strong toxicity to cells. When the concentration of DON was 40 µM, cell viability reached
51.19%, close to IC50. Therefore, we chose 40 µM as the concentration for subsequent
experiments. Then, we optimized the treatment time. As shown in Figure 1C, FA achieved
a better protective effect on the cells within 12 h. Additionally, as the treatment time
increased, the toxicity of DON to IPEC-J2 cells will gradually increase. Therefore, we took
12 h as the experimental time for FA and DON on IPEC-J2 cells to match the treatment time.
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2.2. FA Alleviating DON-Induced IPEC-J2 Cell Cytotoxicity

As shown in Figure 1D, FA significantly reduced the cytotoxicity caused by DON
(p < 0.05). Therefore, we selected the above conditions as the subsequent experimental con-
ditions. According to the information in Figure 1E, DON exposure caused the cells to shrink
or even die when suspended in the culture medium. FA pretreatment can improve this
phenomenon and even enable the cells to resume division and other physiological activities.

Figure 1. Effects of FA and DON on the viability of IPEC-J2 cells. (A) different concentrations of FA
(B) different concentrations of DON (C) different FA processing times (D) FA or DON under selected
experimental conditions and (E) cell morphology (Red arrows indicate shrunken or dead cells, green
arrows indicate normal or dividing cells). The results presented are the means ± SD, ** p < 0.01,
**** p < 0.0001 vs. control group, # p < 0.05, ### p < 0.001, #### p < 0.0001, n = 3. Triangles, circles and
squares represent the positions of the actual values of each data point.

2.3. FA Inhibits DON-Induced Oxidative Stress
2.3.1. Elimination of ROS by FA

As shown in Figure 2A, compared with the control group, the FA group did not
cause significant changes in intracellular ROS content. However, after DON treatment
alone, the intracellular ROS content increased significantly (p < 0.0001). FA pretreatment
effectively inhibited the generation of ROS (p < 0.001). This also proves that FA can inhibit
DON-induced ROS production to protect cells from damage caused by free radicals.

2.3.2. Effect of FA on CAT, SOD, GSH-Px, and GSH

Changes in the levels of the related antioxidant index (SOD, GSH, GSH-Px, CAT) in
the cells were also detected. According to Figure 2B–E, the activity and content of the
antioxidant index in FA group was roughly the same as that of the control group. However,
DON exposure significantly reduced the levels of SOD (p < 0.0001), GSH (p < 0.0001), and
GSH-Px (p < 0.01) in the IPEC-J2 cells compared with the control. Pretreatment with FA
reversed this phenomenon, and the effect of SOD was the most significant (p < 0.01).
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Figure 2. Effects of FA on DON-induced (A) ROS, (B) CAT, (C) SOD, (D) GSH-Px, and (E) GSH
levels in IPEC-J2 cells. The results presented are the means ± SD * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 vs. control group, # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001, n = 3. Triangles,
circles and squares represent the positions of the actual values of each data point.

2.3.3. Activation of the Nrf2-keap1 Signaling Pathway

The effects of FA and DON on the expression of related proteins in the Nrf2-Keap1
pathway were analyzed by Western blot and quantitative real-time PCR. As shown in
Figure 3A–C, when IPEC-J2 cells were exposed to DON, the Nrf2 content in the cytoplasm
increased (p < 0.01), but the Nrf2 content in the nucleus decreased (p < 0.0001). This result
indicates that DON inhibited the nuclear translocation of Nrf2. However, FA significantly
reversed this phenomenon. After FA pretreatment, the nuclear translocation of Nrf2 is
promoted (p < 0.01), which means that the Nrf2 pathway is activated by FA. This conclusion
can also be reflected in the FA-alone treatment group. In the FA group, the Nrf2 content
in the cytoplasm was significantly reduced (p < 0.0001). This conclusion was verified by
increases in HO-1 and decreases in keap1 protein expression (p < 0.01, p < 0.0001) and
mRNA abundance (p < 0.01, p < 0.05) (Figure 3F,G).

2.4. FA Inhibits DON-Induced Inflammation
2.4.1. FA Inhibits the Production of the Inflammatory Cytokines

The levels of the inflammatory cytokines IFN-γ, IL-6, IL-1β, and IL-8 were measured
by ELISA (Figure 4A–D). Compared with the control group, there was no significant
difference in the release of each factor in the FA group. As expected, DON severely induced
the inflammatory response and caused a significant increase in the production of IL-1β
(p < 0.01), IL-6 (p < 0.0001), IL-8 (p < 0.01) and IFN-γ (p < 0.01) in the supernatant of
IPEC-J2 culture medium. In the FA + DON group, FA pretreatment improved the above
phenomenon and inhibited the release of inflammatory factors (IL-6, p < 0.0001, and IL-8,
p < 0.05) caused by DON in cells.
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Figure 3. Effects of FA and DON on the activation of the Nrf2-Keap1 signaling pathways. (A–E) The
expression of nuclear Nrf2, cytoplasm Nrf2, keap1, HO-1 proteins were measured by western blot.
(F,G) The mRNA expression of keap1 and HO-1 were measured by RT-qPCR. The results presented
are the means ± SD * p < 0.05, ** p < 0.01, **** p < 0.0001 vs. control group, # p < 0.05, ## p < 0.01,
### p < 0.001, #### p < 0.0001, n = 3. Triangles, circles and squares represent the positions of the actual
values of each data point.

2.4.2. FA Inhibits the Phosphorylation of MAPKs Pathway Related Proteins

MAPKs pathway plays an important role in DON-induced inflammation in IPEC-J2
cells. Figure 5A–F displayed the changes in the expression of MAPKs pathway proteins in
IPEC-J2 cells under different exposure conditions. In the DON group, the phosphorylation
of p38 MAPK (p < 0.05), JNK (p < 0.01) and ERK1/2 (p < 0.01) was aggravated, which
means that DON activated MAPKs pathway in IPEC-J2 cells. It is worth noting that in
the FA + DON group, the phosphorylation level of p38 MAPK, JNK and ERK1/2 was
down-regulated in the presence of FA, demonstrating that the MAPKs pathway is the target
of FA to alleviate DON-induced cellular inflammation.

2.4.3. FA Inhibits the Activation of the NF-κB Pathway

The activation of the NF-κB signaling pathway was investigated using Western blot-
ting. As shown in Figure 6A–C, a stable phosphorylation of NF-κB and IκB-α FA was
in FA group, whereas the phosphorylation levels were increased in DON group. These
results indicated that DON had the ability to dissociate IκB-α and NF-κB, leading to the
degradation of IκB-α and the transfer of NF-κB from cytoplasm into the nucleus, thus caus-
ing cellular inflammation. Fortunately, it can be found that the phosphorylation of IκB-α
(p < 0.001) and NF-κB was suppressed in the FA treated DON group, thereby preventing
the occurrence of inflammation. The results confirmed that the NF-κB pathway was also
one of the action pathways for FA to interfere with DON toxicity.
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Figure 4. Effects of FA on DON-induced (A) IFN-γ, (B) IL-6, (C) IL-1β, and (D) IL-8 levels in IPEC-J2
cells. The results presented are the means± SD, ** p < 0.01, **** p < 0.0001 vs. control group, # p < 0.05,
## p < 0.01, ### p < 0.001, #### p < 0.0001, n = 3. Triangles, circles and squares represent the positions
of the actual values of each data point.

2.5. FA Inhibits DON-Induced Apoptosis

From Figure 7A, we can see that FA pretreatment can reduce the apoptosis rate from
10.7% to 6.84% compared with the DON group. On this basis, we used Western blot analysis
and quantitative real-time PCR to determine the relevant indicators of the intracellular
mitochondrial apoptosis pathway, as shown in Figure 7B–H. Our results confirmed that
the protein content (p < 0.0001) and mRNA expression (p < 0.001) of the pro-apoptotic
protein (Bax) in IPEC-J2 cells were up-regulated, whereas the protein content (p < 0.001)
and mRNA expression (p < 0.01) of the anti-apoptotic protein (Bcl-2) were decreased under
the condition of DON exposure alone. These results led to an increase in the protein content
(p < 0.001) and mRNA expression of the downstream protein caspase-3, which eventually
led to an increase in the apoptosis rate. After FA pretreatment, the above phenomenon
was significantly reversed, and the contents (p < 0.0001, p < 0.0001, p < 0.0001) and mRNA
expressions (p < 0.001 for Bax) of the above three proteins were significantly reversed.
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Figure 5. Effects of FA and DON on the activation of MAPKs signaling pathways. (A–F) The
expression of p-p38, p38, p-JNK, JNK, p-ERK1/2, ERK1/2 proteins were measured by western
blot. The results presented are the means ± SD * p < 0.05, ** p < 0.01, vs. control group, # p < 0.05,
## p < 0.01, #### p < 0.0001, n = 3. Triangles, circles and squares represent the positions of the actual
values of each data point.

Figure 6. Effects of FA and DON on the activation of NF-κB signaling pathways. (A–C) The expression
of p-p65, p65, p-IκB-α, IκB-α proteins were measured by western blot. The results presented are
the means ± SD * p < 0.05, ** p < 0.01, **** p < 0.0001 vs. control group, # p < 0.05, ## p < 0.01,
### p < 0.001, #### p < 0.0001, n = 3. Triangles, circles and squares represent the positions of the actual
values of each data point.



Toxins 2022, 14, 275 8 of 15

Figure 7. Effects of FA on DON-induced apoptosis and its pathway. (A) Flow cytometry analysis
analysis for Annexin V/FITC/PI staining cells. (B–E) The expression of Bax, Bcl-2, caspase-3 pro-
teins were measured by western blot. (F–H) The mRNA expression of Bax. Bcl-2, caspase-3 were
measured by RT-qPCR. The results presented are the means ± SD * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 vs. control group, # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001, n = 3. Triangles,
circles and squares represent the positions of the actual values of each data point.

3. Discussion

Exposure to DON can cause intracellular phospholipid peroxidation, inhibit DNA,
RNA, and protein synthesis, inhibit mitochondrial function, affect cell division and the
shape [18]. According to Figure 8, we can clearly understand the effect of DON on the
pathway in cells. When cells were exposed to DON, it caused a significant upregulation
in intracellular ROS [19]. Upregulation in ROS content can influence the Nrf2-keap1 path-
way [20]. The Nrf2-keap1 pathway is the main pathway of intracellular antioxidants [21].
When the level of intracellular oxidative stress increases, Nrf2 will be activated to enter the
nucleus, so that the expression of antioxidant index such as CAT, GSH, SOD, and GSH-Px
will increase [22,23], thereby reducing oxidative stress. Additionally, the upregulation of
ROS also increases the phosphorylation of MAPKs [24]. Subsequently, phosphorylation of
the MAPKs pathway leads to activation of the NF-κB pathway [25]. That is, its inactivation
after phosphorylation of its inhibitor IκB-α and nuclear translocation after phosphorylation
of NF-κB [26,27]. When NF-κB is translocated to the nucleus, it will prompt cells to produce
cytokines such as IL-6, IL-8, IL-1β, and IFN-γ [28,29], which will not only trigger cellu-
lar inflammation, but also further activate the mitochondrial apoptosis pathway [30–32],
resulting in downregulation of the protein expression of antiapoptotic factor Bcl-2 and
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promotion of the protein expression of the apoptotic factor Bax, which further upregulates
the protein expression ofcaspase-3, and finally induces cell apoptosis [19,33]. Therefore, a
method that can specifically target the above DON toxicity pathway to reduce its harm to
humans or animals and reduce the loss is needed.

Figure 8. Schematic of the protective mechanism of FA on DON toxicity in vitro.

Plant polyphenols are widespread in nature, and the unique chemical properties of
their structure have fostered their biological effects such as antioxidation, anti-inflammatory
effects, prevention and treatment of diabetes, anti-obesity and anti-cardio-cerebrovascular
effects [34–36]. A large number of scholars have applied polyphenols to the detoxification
of mycotoxins. Deng et al. used quercetin and tea polyphenols to feed tilapia exposed to
T-2 toxin and found that the two substances reduced the liver and muscle damage in tilapia
caused by T-2 toxin [37]. Ling et al. found that resveratrol could reduce the increase in
cell fat and permeability by restoring the transepithelial resistance induced by DON, and
enhancing the intestinal barrier function [38]. Based on the above theory, we have reason
to assume that FA, which is also a phenolic compound, can also interfere with the toxicity
of mycotoxins. To verify this hypothesis, by using the IPEC-J2 cell line as a model, we
explored the interventional effects of FA on the intracellular toxicity of DON from three
aspects: oxidative stress, inflammation and apoptosis.

In our research, the viability of IPEC-J2 cells decreased with increasing DON con-
centration (Figure 1B). Additionally, FA reversed the cytotoxicity induced by DON, and
its activity recovered from 71.9% to 82.79%. Oxidative stress is the primary response of
cells when stimulated by external factors. To further explore the intervention mechanism
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of FA on the intracellular oxidative stress caused by DON, we explored its effect on the
Nrf2/HO-1 pathway (Figure 3). In the inactive state, Nrf2 interacts with the actin-binding
protein keap1 in the cytoplasm and is rapidly degraded by the ubiquitin-proteasome path-
way [39]. However, when exposed to oxidative or electrophilic stress, phosphorylation of
Nrf2 leads to the dissociation of the Nrf2-keap1 complex and the stable translocation of
Nrf2 to the nucleus [40]. As verified in our experiments, FA can activate the Nrf2 pathway
and promote the nuclear translocation of Nrf2 to counteract the oxidative stress caused
by DON exposure (Figure 3). In the nucleus, Nrf2 promotes the expression of many anti-
oxidant indexes (SOD, GSH, GSH-Px, CAT) and antioxidant protein HO-1 (Figures 2 and 3),
which plays a vital role in cellular antioxidant responses [41–46]. Moreover, the production
of HO-1 can further inhibits the nuclear translocation of NF-κB [47]. Our findings also
confirm the above discussion (Figures 2 and 6). In summary, FA activates the Nrf2 pathway,
which phosphorylates Nrf2 and enters the nucleus from the cytoplasm, thereby causing
antioxidant reactions in the cell.

Intracellular oxidative stress is closely related to the degree of inflammation [48].
Furthermore, we explored the effect of FA on the phosphorylation of the MAPKs pathway
and its downstream NF-κB pathway. On the one hand, FA can inhibit the phosphorylation
of p38 MAPK, ERK1/2, and JNK (Figure 5), which are subfamily of the MAPKs family [30],
and un–phosphorylation p38 MAPK can promote the activation of the Nrf2-keap1 pathway
to generate downstream antioxidant enzymes to alleviate the level of oxidative stress in
cells [49]. On the other hand, FAcan attenuate the phosphorylation of the NF-κB inhibitor
IκB-α (Figure 6), which allows unphosphorylated IκB-α to bind to NF-κB in the cytoplasm
and inhibit its phosphorylation. Otherwise, NF-κB enters the nucleus, the secretion of
the inflammatory factors IL-6, IL-8, IFN-γ, and IL-1β increases (Figure 4), and the level of
cellular inflammation will be aggravated. The above results confirm that FA has a good
intervention effect on the inflammatory reaction caused by DON.

Based on the prodsmoting relationship between MAPKs and the NF-κB pathway and
apoptosis, we then explored the effect of FA on DON-induced apoptosis. Apoptosis is one
of the important results of cell oxidative damage. In our research, we verified the cells
treated with different conditions using flow cytometry, and the results showed that FA can
significantly improve cell apoptosis caused by DON (Figure 7A). The antiapoptotic genes
(Bcl-2) and proapoptotic genes (Bax) in the Bcl-2 family are also involved in the regulation of
apoptosis. In our study, the expression of Bcl-2/Bax in the DON treatment group decreased
significantly (Figure 7B–D) compared with that in the control group. In addition, caspase-3
is the executor of apoptosis and directly participates in apoptosis events [50]. In our study,
FA had a good reversal effect on the upregulation of caspase-3 expression caused by DON
(Figure 7B,E). The above results indicate that DON accelerates the process of apoptosis in
cells and causes cytotoxicity. The addition of FA significantly inhibited the above trend,
alleviated the tendency of cell apoptosis, and ensured cell viability.

In summary, we provided evidence that FA can attenuate DON-induced toxicity
in vitro. It is verified that cytotoxicity, oxidative stress, inflammation and apoptosis are the
intervention modes of FA to alleviate DON toxicity. On this basis, we clarified the inter-
vention mechanism of FA, found Nrf-keap1, MAPKs, NF-κB and mitochondrial apoptosis
pathways were its targets and analyzed the response relationship between each pathway.
It was found that FA could alleviate DON-induced decrease in cell viability (71.9% to
82.7%) and changes in cell morphology. FA can also upregulate the level of intracellular
antioxidant system (SOD, CAT, GSH, GSH-Px) by activating the Nrf2-keap1 pathway, and
attenuate intracellular oxidative stress. In addition, we found FA can inhibit the phospho-
rylation of related proteins in the MAPKs pathway (p38 MAPK, JNK, ERK1/2) and the
activation of the NF-κB pathway, suppressing the expression of inflammatory factors (IL-6,
IL-8, IL-1β, IFN-γ) thus relieved the inflammatory response in cells. The mitochondrial
apoptosis pathway in cells confirmed that FA also inhibited the abnormal expression of
related apoptosis proteins, which means the mitochondrial apoptosis pathway is also an im-
portant target for FA to attenuate DON toxicity. Our study clarified the intervention effect
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of FA on DON-induced toxicity in vitro, and provided theoretical basis and new research
direction for application of FA in the field of toxin intervention and food processing.

4. Materials and Methods
4.1. Chemicals and Reagents

The IPEC-J2 cell line was obtained from Beina Biotechnology Co., LTD, Ferulic acid
(≥99%, Aladdin,), Cell counting kit-8 (CCK-8), Annexin V-FITC/PI apoptosis detection kit
was obtained from the Beyotime Biotechnology Co., Ltd. (Nantong, China). DON (purity
99%) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich, Inc. (St. Louis,
MO, USA). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS),
antibiotics (penicillin and streptomycin), trypsin/EDTA solutions, and phosphate-buffered
saline (PBS) were obtained from Gibco Laboratories (Gaithersburg, MD, USA).

4.2. Cell Culture and Treatments

The IPEC-J2 cells were cultured in DMEM with 10% FBS and 1% antibiotics at 37 ◦C
under a humidified 5% CO2 atmosphere. When the cells confluency reached 80–90%, they
were passaged for subcultures and harvest.

In this experiment, the cells were divided into four groups: a control group, FA group,
DON group and FA + DON group. The control group did not receive any treatment, the
FA group and the DON group were incubated with FA (60 µM) and DON (40 µM) for
12 h, respectively, and the FA + DON group was pretreated with FA (60 µM) for 12 h
before adding DON (40 µM) for 12 h. For the first 12 h, the control group and DON group
were incubated with DMEM, the FA group and the FA + DON group were incubated with
DMEM containing FA, and the medium of each group was discarded after the incubation.
For the next 12 h, DMEM containing DON was added to the DON group and the FA + DON
group to incubate the cells, and new DMEM was added to the control group and the FA
group to incubate.

4.3. Cell Viability and Cell Morphology Observation

The cell counting kit-8 (CCK-8) was used to assess the cell viability in accordance with
the manufacturer’s instructions. Briefly, IPEC-J2 cells were seeded in 96-well culture plates
(5000 cells/well) and incubated for 24 h before incubation with FA or DON. Then, after
replacing the original media with new media without FBS, 10 µL of CCK-8 solution was
added to each well and incubated for 2 h. A microplate reader (Spectra MAX 340, 171
Molecular Devices Co., Sunnyvale, CA, USA) was used to measure the absorbance at 450 nm
of every well to calculate the cell viability according to our previous method [51]. After the
cells were treated with FA and DON according to the above experimental conditions, the
cell morphology was observed with an inverted fluorescence microscope (Leica company,
Hesse, Wetzlar, Germany).

4.4. Intracellular Reactive Oxygen Species (ROS) Concentration

Intracellular ROS levels were quantified by using a reactive oxygen species assay kit
(Beyotime Biotechnology Co., Ltd.) according to the manufacturer’s instructions. The cells
of each group were first treated differently, the cell culture was removed, and the cells were
capped with 10 µM DCDF-DA that was diluted in serum-free medium. After 20 min of
incubation at 37 ◦C, the cells were washed three times with serum-free cell culture medium
to sufficiently remove DCFH-DA that did not enter the cells. Images were obtained with
a confocal microscope (LSM880, Zeiss, Jena, Thuringia, Germany) and analyzed using
ImageJ software. The mean fluorescence intensity was used to quantify the intracellular
ROS levels.

4.5. Antioxidant Index Determination

Determination of CAT, GSH-Px, and SOD activities and GSH content were carried out
using kits according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering
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Institute, Nanjing, Jiangsu, China). The cells were cultured in 6-well plates. After treatment
with FA and DON, the cells were collected and lysed on ice with an ultrasound breaker.
The lysed cells were centrifuged at 10,000× g for 10 min at 4 ◦C, and the total protein
concentration in the supernatant was determined using a BCA protein assay kit (Nanjing
Jiancheng Bioengineering Institute). The relative activities of CAT, GSH-Px and SOD and
the relative content of GSH were expressed as a ratio to total protein.

4.6. Enzyme-Linked Immunosorbent Assay

The cells were cultured in 6-well plates. After treatment with FA and DON, super-
natants from the cell cultures were collected, and the concentrations of IL-1β, IL-6, IL-8 and
INF-γ were determined using commercially available assay kits following the experimental
protocols. Briefly, the supernatant was added to a microplate coated with the corresponding
capture antibody, and then combined with the HRP-labeled detection antibody to form an
antibody-antigen-enzyme-labeled antibody complex. After washing, TMB was added to
develop color, and finally a stop solution was added. The OD value of the discolored liquid
was measured at a wavelength of 450 nm and the cytokine content in the supernatant of
each group was obtained according to the standard curve.

4.7. Flow-Cytometric Determination of Apoptosis

Flow cytometric determination of apoptosis was detected by an Annexin V-FITC-PI
apoptosis detection kit (Beyotime Co., Ltd., Haimen, China). IPEC-J2 cells in each group
were first treated with different conditions. Then, the treated cells were collected by cen-
trifugation (1100 rpm, 3 min) following trypsin treatment and suspended slightly in binding
buffer. Then, Annexin V-FITC and PI were added to the binding buffer-resuspended cells
in the dark for 15 min. IPEC-J2 cells were analyzed by flow cytometry (BD FACSCalibur,
Franklin Lake, NJ, USA). Additionally, imaging of cell apoptosis was performed with
a wide field high-content analysis system (Image Xpress Micro XLS, Molecular Devices,
Sunnyvale, CA, USA).

4.8. Quantitative Real-Time PCR

IPEC-J2 cells at a density of 5× 105 were seeded in six-well plates and incubated for 24
h to make them adherent. The processing method of each group of IPEC-J2 cells as shown
in 4.2, then total RNA was extracted using a fastpure cell total RNA isolation kit (RC112-01,
Vazyme, Nanjing, China). cDNA was synthesized from 1 µg of total RNA using HiScript III
All-in-one RT Supermix (R333-01, Vazyme, Nanjing, China). ChamQ Universal SYBR qPCR
Master Mix (Q711-02, Vazyme, Nanjing, China) (10 µL) was added to 20 µL of a reaction
mixture containing cDNA (1 µL) and 0.4 µL of gene-specific forward and reverse primers
(10 µM), respectively. cDNA was amplified for 40 cycles using an applied Biosystems
QuantStudio 3 Flex Real-time PCR system. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a housekeeping gene for normalizing the gene levels. The expression
levels of target genes were calculated using the 2−∆∆C

T method. All the primers used in
this study are listed in Table 1.

Table 1. Primer sequences of some genes for quantitative real-time PCR.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

keap1 ATGGCGGGGCCTCTGA CTCAGGGGCAGAAATTGGGT
HO-1 GGCTGAGAATGCCGAGTTCA GGACGCCATCACCAGCTTAAA
Bax GCCCTTTTGCTTCAGGGTTTC CAATGCGCTTGAGACACTCG

Bcl-2 GATAACGGAGGCTGGGATGC TTATGGCCCAGATAGGCACC
Caspase-3 GGAATGGCATGTCGATCTGGT ACTGTCCGTCTCAATCCCAC
GAPDH ATGACCACAGTCCATGCCATC CCTGCTTCACCACCTTCTTG
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4.9. Western Blot Analysis

After culturing the cells in a six-well plate and mixing them with FA or DON as
described above, 200 µL of 5× loading buffer was added to each well and the protein
samples were collected into centrifuge tubes. The above protein samples were separated by
10–15% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Then,
the samples were transferred to a polyvinylidene difluoride membrane (PVDF). After
blocking with 5% skimmed milk in Tween-20/tbs (TBST) at room temperature for 1 h,
the membranes were subsequently incubated with specific primary antibodies at 4 ◦C
overnight. The dilutions were 1:1000 (v/v) for Nrf2, keap-1, heme oxygenase-1 (HO-1), p38
MAPK, p-p38 MAPK, c-Jun N-terminal kinase (JNK), p-JNK, extracellular regulated protein
kinases 1/2 (ERK1/2), P-ERK1/2, NF-κB (p65), p-NF-κB (p-p65), inhibitor of NF-κB (IκB-α),
p-IκB-α, caspase-3, Bax and Bcl-2, and 1:5000 (v/v) for laminB, and β-actin. Thereafter, the
membranes were probed with the HRP-conjugated secondary antibody of 1:10,000 (v/v)
for 1 h at room temperature. Fluorescence was detected with an ECL Western blotting
detection reagent.

4.10. Statistical Analysis

All experiments were repeated at least three times, and the data were analyzed by
GraphPad Software (version 7.0). All the data are presented as the mean ± SD. Date
were analyzed by one-way analysis of variance (ANOVA), and the Tukey test performed
comparisons between groups. p < 0.05 is considered significant.
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