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Abstract: Aflatoxin M1 (AFM1) and ochratoxin A (OTA), which are occasionally detected in milk and
commercial baby foods, could easily enter and reach the gastrointestinal tract, posing impairment
to the first line of defense and causing dysfunction of the tissue. The objective of this study was
to investigate the immunostimulatory roles of individual and combined AFM1 and OTA on the
immature intestine. Thus, we used ELISA assays to evaluate the generation of cytokines from ex
vivo CD-1 fetal mouse jejunum induced by AFM1 and OTA and explored the related regulatory
pathways and pivot genes using RNA-seq analysis. It was found that OTA exhibited much stronger
ability in stimulating pro-inflammatory cytokine IL-6 from jejunum tissues than AFM1 (OTA of 4 µM
versus AFM1 of 50 µM), whereas the combination of the two toxins seemed to exert antagonistic
actions. In addition, transcriptomics also showed that most gene members in the enriched pathway
‘cytokine–cytokine receptor interaction’ were more highly expressed in OTA than the AFM1 group. By
means of PPI network analysis, NFKB1 and RelB were regarded as hub genes in response to OTA but
not AFM1. In the human FHs 74 Int cell line, both AFM1 and OTA enhanced the content of reactive
oxygen species, and the oxidative response was more apparent in OTA-treated cells in comparison
with AFM1. Furthermore, OTA and AFM1 + OTA raised the protein abundance of p50/RelB, and
triggered the translocation of the dimer from cytosol to nucleus. Therefore, the experimental data
ex vivo and in vitro showed that OTA-induced inflammation was thought to be bound up with the
up-regulation and translocation of NF-κB, though AFM1 seemed to have no obvious impact. Since
it was the first attempt to uncover the appearances and inner mechanisms regarding inflammation
provoked by AFM1 and OTA on immature intestinal models, further efforts are needed to understand
the detailed metabolic steps of the toxin in cells and to clarify their causal relationship with the signals
proposed from current research.

Keywords: aflatoxin M1; ochratoxin A; immature intestine; inflammation; RNA-seq

Key Contribution: As two major resources of risks in infant food, OTA exhibited higher ability in
inducing the generation of cytokines IL-6 and TNF-α from immature intestine in contrast to AFM1.
OTA induced more obvious intensity of oxidative response in intestinal cells compared with AFM1.
At the molecular scale level, OTA significantly up-regulated the expression of NF-κB (p50/RelB) and
drove this heterodimer translocation from cytosol to nucleus.
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1. Introduction

Mycotoxins are secondary metabolites generated by several range of fungal genera
spp., such as Aspergillus, Penicillium, Fusarium, Alternaria, and Claviceps, which could induce
toxic and even carcinogenic outcomes in the human body [1]. Compared to adults, infants
are more susceptible to the toxic effects of mycotoxins, for the sake of developing immune,
digestive, and detoxification systems, fairly restricted diet, higher rate of metabolism, and
lower body weight [2–4]. Infants may be exposed to mycotoxins directly by consuming
contaminated infant formulae and complementary foods, or indirectly through breast
milk as a consequence of maternal exposure [2]. It has been reported that exposure to
mycotoxins from breast milk could create a lower risk than direct intake through breast milk
surrogates [5]. Besides, the introduction of complementary foods usually occurs earlier than
the recommended age of six months in many low- and middle-income countries, which
tends to increase mycotoxins exposure during infancy [6,7]. What’s more, early infant
co-exposure of mycotoxins from the same or different food sources may also occur, posing
additional health risks to the vulnerable population group arising from the synergetic
toxicity of some mycotoxins [8,9].

At this critical early stage of development, exposure to mycotoxins, especially aflatoxin
M1 (AFM1) and ochratoxin A (OTA), can provoke irreversible damage, ranging from
malnutrition, growth retardation, immune dysfunction, and chronic inflammation, to
neuro-developmental disorders [10–15]. AFM1, the hydroxylated derivative of aflatoxin
B1 (AFB1), has been frequently detected in human breast milk and processed infant food
samples all over the world [16–20]. According to the latest research, the maximum AFM1
concentrations in breast milk samples from Morocco, Turkey, and southern Ethiopia are
13.33 ng/L, 8.31 ng/L, and 143.3 ng/L, respectively [17,21,22]. Moreover, available data
from Mexico showed that 20% of the surveyed commercial infant formulae samples were
contaminated with AFM1 in the range of 40–450 ng/L, exceeding the European Commission
limit of 25 ng/L [23]. As documented in epidemiological and animal model studies,
underweight, stunting, wasting, loss of appetite, hypo-immunity, and intestinal damage
have been associated with infancy exposure to AFM1 [24–27]. Additionally, the high
incidence of OTA in cereal-based baby foods and human milk is of increasing concern due
to its possible role in causation of future malformation, renal dysfunction, and autism for
infants [11,28–31]. As reported, OTA was found in 47 of 155 infant cereals products from
United States ranging from 0.6 to 22.1 ng/g, and all were higher than the maximum limit
of OTA in infant food set by the European Commission (0.5 ng/g) [32].

The intestinal epithelium is an integrated single cell layer that selectively perme-
ates nutrients and specific antigens while constituting an efficient barrier against external
contaminants [33]. The infant intestine has a relatively high endocytic capacity so as to
facilitate the transfer of maternal immunoglobulin and specific antigens from breast milk,
thus promoting the normal development of intestinal immune system [34]. However,
enhanced intestinal transfer during infancy leads to increased susceptibility to exogenous
contaminants such as mycotoxins [34,35]. As reported, ex vivo culture of fetal mouse intes-
tine has been proved to reliably reproduce the in vivo conditions, including inflammatory
responses [36,37]. Moreover, human fetal small intestinal epithelial FHs 74 Int cell line
derived from normal fetus at 12–16 weeks gestation is more susceptible to inflammatory
stimuli than mature enterocytes [38]. Therefore, the aim of this study was to elucidate
the effects of AFM1 and OTA treatment alone and in combination on the inflammatory
response in the immature intestine through phenotypic toxicity tests and transcriptome
analysis and to analyze the interaction effects of the two toxins.

2. Results
2.1. Effects of AFM1 and OTA Alone and in Combination on the Lactate Dehydrogenase (LDH)
and Cytokines Release from the Isolated Jejunal Tissues

As reflected by the release amount of LDH, AFM1 treatment for 24 h at 100 µM and
OTA over 8 µM caused significant cytotoxicity to the tissues (Figure 1A,B). It was seen from
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the results of ELISA assays that AFM1 higher than 50 µM and OTA of 4 µM significantly
induced the release of IL-6 from the jejunum (p < 0.05), while AFM1 and OTA at all dosages
decreased the level of IL-10 (Figure 1D,E and Supplementary Material Figure S1A,B).
Besides, compared to no treatment group, OTA higher than 4 µM significantly increased
the concentrations of TNF-α, whereas AFM1 dose-independently increased TNF-α levels
without remarkable differences (Figure 1G,H). According to this, OTA exhibited a much
higher pro-inflammatory effect than AFM1. As per the principle of inducing the secretion
of cytokines but not triggering obvious cell death, AFM1 at the concentration of 50 µM and
OTA at 4 µM was selected for ensuing experiments (Figure 1C,F,I). In terms of induction
of inflammation, no synergistic interaction between the two toxins was observed. On the
contrary, the existence of one toxin seemed to oppose action on the toxicity of the other
one (Figure 1F,I), suggesting that antagonism might happen when the two toxins were
associated together.

Figure 1. Effects of AFM1, OTA and AFM1 + OTA treatment for 24 h on the release of (A–C) LDH,
(D–F) IL-6, and (G–I) TNF-α from the isolated jejunal tissues. In panel (C,F,I), the concentration of
AFM1 and OTA was 50 µM and 4 µM, respectively. Results were shown as mean ± SEM (n ≥ 6).
* p < 0.05 statistically significantly compared with control.
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2.2. Effects of AFM1 and OTA Alone and in Combination on the Gene Expression Pattern of
Jejunal Tissue

Via high-throughput RNA-seq analysis, the whole-genome wide expression pattern
of each sample was assessed. As shown in Figure 2A, a PCA plot for PC1 and PC2
was established to illustrate the variation between and within each group, in which PC1
captured 95.3% of the total variance and strongly differentiated samples treated with OTA
and AFM1 + OTA from those treated with control, DMSO (vehicle blank), and AFM1
treatment. The curve of gene expression abundance (expressed as FPKM) distribution was
obviously altered by OTA or AFM1 + OTA (tendency of left-shift indicated relatively low
expression of genes globally) (Supplementary Figure S2). Compared to DMSO vehicle
treatment, 68 up-regulated and 110 down-regulated genes were found in AFM1 treatment
group. For the OTA group, there were 7690 DEGs, including 2404 up-regulated and
5286 down-regulated genes. For the toxin combination group, there were 7522 DEGs,
including 2419 up-regulated and 5103 down-regulated genes. Up to 7435 DEGs were
discovered between AFM1 and AFM1 + OTA group, in contrast with 223 DEGs between
OTA and AFM1 + OTA group (Figure 2B). The OTA group and AFM1 + OTA group
overlapped 6410 DEGs, accounting for >70% of total DEGs, but three toxin treatment groups
only overlapped 64 DEGs (Figure 2C), which poses a challenge to ordinary enrichment
analysis. To sum up, AFM1 slightly changed, yet OTA and the combination of the AFM1 and
OTA greatly altered the gene expression pattern and ensuing relevant signaling processes of
jejunal cells, might partially contribute to the stimulation of downstream pro-inflammatory
factors. Hence, excavating the key pathway(s) and inner sensitive node gene(s) in response
to toxins was quite essential in the mechanistic study of toxin-induced inflammation of the
fetal intestine.

Figure 2. (A) Principal component analysis (PCA) plot, (B) Number of differentially expressed genes
(DEGs) screened out by comparison between groups, and (C) Venn diagram plot for transcripts
among there toxin treatment compared to DMSO vehicle group.

2.3. Pathway Analysis by WGCNA-ORA

The strategy of WGCNA, which is not consistent with the principle of manual setting
cutoff (fold change and FDR), was applied to choose a cluster of genes with similar expres-
sion patterns for subsequent over-representation analysis (ORA). According to the degree of
gene co-expression, the whole genes were divided into 22 modules, marked with different
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colors shown as Figure 3A. A total of 13,857 genes were clustered in the ‘blue’ module
and 731 genes were gathered to construct the ‘yellow’ module (Figure 3B). The module
eigengene value (weighting of each gene expression in this module) represented the global
expression pattern of each sample, and it could be directly seen from Figure 3C,D that
‘blue’ and ‘yellow’ modules had the regular tendency in partitioning different treatments of
toxins. Moreover, their Pearson correlation coefficient was 0.69 (p = 0.004).

Figure 3. WGCNA analysis to identify groups of genes. (A) Clustering diagram showing the
co-expression modules recognized by WGCNA. Different colors denote different modules. The longi-
tudinal distance indicates the distance between genes, while the horizontal distance is meaningless.
(B) The number of genes contained in each module. (C) Heatmap of gene expression pattern of blue
module. (D) Heatmap of gene expression pattern of yellow module.

Major genes in ‘blue’ module participated in the courses of ‘translation’ (it was quite
regular that cytoplasmic ribosome biosynthesis was activated by OTA, whereas mitochon-
drial ribosome proteins were almost suppressed by OTA), ‘biological oxidation’ (bioprocess
of oxidative phosphorylation and electron transfer chain were somehow enhanced by OTA,
but not by AFM1), ‘DNA strand break response’, and ‘cell cycle checkpoint’ (compared
with AFM1, more genes conducting DNA repair were detected changing expressions in
OTA group) etc. Since the theme of this research was around fetal inflammation, those
biological processes in relation to immune responses were preferentially focused on. A
total of 52 up-regulated genes were enriched in Reactome ‘cytokine signaling in immune
system’ pathway, and 43 in KEGG ‘cytokine-cytokine receptor interaction’ pathway. Like-
wise, 16 up-regulated genes and 292 down-regulated genes were recognized in the ‘yellow’
module after single and combined toxin treatment. The up-regulated genes were also
significantly enriched in the KEGG ‘cytokine-cytokine receptor interaction’ and ‘NF-kappa
signaling pathway’, while the down-regulated genes were significantly enriched in the
‘tight junction’ (Table 1). The analytical results above corresponded to the ELISA tests,
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implying the over-production of cytokines might be controlled by some ‘hub’ genes in
particular signal(s) provoked by toxins.

Table 1. Top 1 pathway for each block obtained by KEGG and Reactome functional enrichment anal-
ysis.

Module Block Pathway

Yellow
Up Cytokine-Cytokine receptor interaction (KEGG)

GPCR ligand binding (Reactome)

Down Tight junction (KEGG)
Tight junction interactions (Reactome)

Blue up

1 Cytokine-Cytokine receptor interaction (KEGG)
Cytokine signaling in immune system (Reactome)

2 Neuroactive ligand-receptor interaction (KEGG)
GPCR signaling (Reactome)

3 Ribosome (KEGG)
Translation (Reactome)

4 Oxidative phosphorylation (KEGG)
Respiratory electron transport (Reactome)

5 Calcium signaling pathway (KEGG)
Muscle contraction (Reactome)

6 Systemic lupus erythematosus (KEGG)
DNA methylation (Reactome)

7 ECM-receptor interaction (KEGG)
ECM proteoglycans (Reactome)

8 Folate biosynthesis (KEGG)
Post-translational modification (Reactome)

9 Phagosome (KEGG)
Golgi-to-ER retrograde transport (Reactome)

2.4. Hub Genes Searching by PPI Analysis

A total of 1788 up-regulated genes in ‘blue’ module plus 16 up-regulated genes in
‘yellow’ module in either AFM1, OTA, or AFM1 + OTA group were gathered together
and then submitted to the String online database to construct an integrated PPI network.
The interaction between gene nodes were regarded to be existed with a confidence > 0.8.
Network was visualized by Cytoscape software, and the whole connection was divided
into nine small blocks using ‘Reactome FIviz’ plugin in Cytoscape (Figure 4A,B). The gene
expression pattern in nine blocks showed good consistency among groups (DMSO, AFM1,
OTA and AFM1 + OTA). Of note, the genes in ‘block 1’ were significantly enriched in
the ‘cytokine-cytokine receptor interaction’ KEGG pathway and ‘cytokine signaling in
immune system’ Reactome pathway (Table 1), suggesting the genes in this block mainly
participated in the inflammatory response induced by toxins. The relative expression of
each gene involved in this pathway was compared between groups (Supplementary Figure
S3), reflecting that most genes (e.g., cytokines production-related genes) were more highly
expressed in an effect of OTA in contrast to AFM1.

Then, the genes in block 1 were picked out and again rendered to String PPI network
construction. By means of the ‘network analysis’ tool in Cytoscape, the degree of connexity
of each gene was calculated, intuitively reflected as the size and color of the node in the
diagram (Figure 4C). NFKB1 and RelB, the upstream genes of IL6 and Tnf, attracted the
attention referring to previous reports [39,40]. Additionally, the inhibitors of NF-κB, i.e.,
Nfkbia, Nfkbib, Nfkbie, and Nfkbiz, were all down-regulated to different degrees by OTA
and AFM1 + OTA, as shown by RNA-seq. Thus, they were further tested and verified in
the following experiments (Section 2.6). However, the transcript level of NFKB1 and RelB
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was significantly raised by OTA (increased by 2.3-fold and 2.1-fold) and the combination of
two toxins (increased by 2.6-fold and 2.5-fold), but not by a single AFM1 treatment.

2.5. Effects of AFM1 and OTA Alone and in Combination on the Viability and Cytokines
Expression of FHs 74 Int Cells

Firstly, CCK assays were performed to assess the viability of FHs 74 Int cells after
48 h incubation with various doses of each toxin, in order to choose the appropriate
concentrations in subsequent experiments (Figure 5A,B). Compared with control, OTA of
0.05 µM and higher concentrations remarkably reduced the viability of FHs 74 Int cells
(p < 0.05), while the lowest cytotoxic concentration of AFM1 was 25 µM. Moreover, for
12.5 µM AFM1 plus 0.01 µM OTA treatment group, a significant (p < 0.05) reduction of
the cellular viability was observed, even with no significant cytotoxicity recognized in the
single toxin treatment group (Figure 5C). Individual AFM1 of 50 µM and OTA of 2 µM
caused significant adverse effects on cellular viability (p < 0.05), and significant differences
were found in their combination as well (p < 0.05) (Figure 5C). Thus, for qPCR experiments,
0.01 µM OTA and 12.5 µM AFM1 were selected as the low toxic doses, and 2 µM OTA and
50 µM AFM1 were selected as the high toxic doses.

Figure 4. Cont.
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Figure 4. (A) Protein–protein interaction (PPI) network analysis of 1788 up-regulated genes in ‘blue’
module plus 16 up-regulated genes in ‘yellow’ module. (B) The network was divided into 9 small
blocks using ‘Reactome FIviz’ plugin in Cytoscape. Colors represent different blocks. (C) PPI network
analysis of genes in block 1. In the network, the edges represent gene interactions, and the size and
color depth of every node is proportional to the degree of connexity.
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Figure 5. Effects of AFM1 and OTA alone and in combination on the viability and cytokines expression
of FHs 74 Int Cells. Cellular viability of FHs 74 Int cells which were treated with (A) various doses
of AFM1, (B) various doses of OTA, (C) selected lower and higher doses of AFM1 and OTA alone
and in combination for 48 h using CCK-8 analysis. The data of treatment groups are normalized to
control (untreated) as the basal 100%. (D) IL-6 and (E) TNF-α production in the cells treated with
toxins were detected by ELISA tests. (F) IL-6, (G) TNF-α expression levels in FHs 74 cells detected
by RT-qPCR. Gene expression were calculated relative to the internal control (GAPDH) (set as 1.0).
Results were shown as mean of three separate experiments ± SEM (n ≥ 6). * p < 0.05 significantly
compared with control, # p < 0.05 significantly compared with combined AFM1 and OTA treatment.

To evaluate the stimulating effect of AFM1 and OTA alone and in combination on the
inflammatory cytokines, ELISA analysis was conducted to measure the IL-6 and TNF-α
concentrations (Figure 5D,E). Compared to control, the release of IL-6 but not TNF-α was
significantly increased in the cells treated with high toxic doses of AFM1 (p < 0.05). More-
over, OTA and AFM1 + OTA at low and high toxic doses all caused a remarkable increments
of IL-6 and TNF-α in contrast to control (p < 0.05). Afterwards, the gene expression of IL-6
and TNF-α in FHs 74 Int cells after toxins treatment were tested. OTA at low and high
concentrations both stimulated the mRNA level of IL-6 and TNF-α (Figure 5F,G). It was
noteworthy that when blended, AFM1 + OTA seemed to have an anergic action instead of
positive-going association on the gene expressions of IL-6 and TNF-α (Figure 5F,G), and the
combination of AFM1 and OTA also had a trend to reduce the cytokine-releasing induced
by single OTA (although not statistically significant) (Figure 5D,E). Besides, IL-6, TNF-α,
NFKB1, and RelB were selected to conduct qPCR assays in FHs 74 Int cells to validate
RNA-seq results. Intriguingly, notwithstanding different species of model used in this
study (human intestinal cell line and mouse intestinal tissue), the results of RT-qPCR of
FHs 74 Int showed good reproducibility compared with the transcriptome data of intestinal
tissue from fetal mice (Supplementary Figure S4).

2.6. NF-κB Acted as a Key Sensor in the Process of Inflammation Induced by OTA and
AFM1 + OTA

On account of NFKB1/RelB being closely linked to the activation of Tnf and IL6,
the degradation of IκBα as well as the abundance and cellular location of NFKB1/RelB
heterodimeric complex in FHs 74 Int cells was tested. As indicated in Figure 6A, OTA
and AFM1 combined with OTA significantly induced IκBα degradation (p < 0.05), which
could provoke the nuclear translocation of NF-κB. Results of RT-qPCR analysis showed
that high dosage of OTA stimulated gene expression of NFKB1 and RelB, while AFM1
did not have any obvious impact (Figure 6B,C). According to Western blotting results,
total expressions of the two proteins were significantly up-regulated by OTA (2 µM) and
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AFM1 + OTA (50 µM + 2 µM) treatment (p < 0.05), while AFM1 (50 µM) had no effect
(Figure 6D). Moreover, the contents of NFKB1 and RelB were both obviously reduced in the
cytosol but lifted in the nucleus by OTA and AFM1 + OTA treatment (p < 0.05, Figure 6E,F),
indicating that the p50/RelB dimer was translocated to nucleus, where it might act as the
activator of transcription to downstream gene(s) (e.g., IL-6 and TNF-α), promoting their
expression levels.

Figure 6. Effect of single and combined AFM1 and OTA on IκBα degradation and NF-κB activation
in FHs 74 Int cells. (A) Relative protein expression levels of IκBα (n = 3). (B) NFKB1, and (C) RelB
mRNA expression levels in FHs 74 Int cells detected by RT-qPCR (n = 6). Relative protein expression
of p50 and RelB in (D) total protein, (E) nuclear protein, and (F) cytoplasmic protein of cells (n = 3).
The bands of IκBα, p50 and RelB were detected by western blotting and quantitated by density
analysis tool of Image J software. The data was represented as mean ± SEM. All values in treatment
group were compared and normalized to control (set as 1.0). Different lowercase indicates statistical
differences between groups (p < 0.05).

2.7. ROS Mediated Inflammatory Responses Induced by OTA and AFM1 + OTA

To investigate the possible role of ROS in the inflammatory responses evoked by
single and combined AFM1 and OTA, intracellular ROS levels in FHs 74 Int cells were
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determined firstly. As shown in Figure 7A, OTA and AFM1 + OTA dramatically increased
the intracellular ROS production (p < 0.05), and the oxidative response was more apparent
in OTA-treated cells in comparison with AFM1. Moreover, N-acetyl-cysteine (NAC), a ROS
inhibitor, significantly reversed the increased IL-6 and TNF-α levels in cells treated by OTA
and AFM1 + OTA (p < 0.05, Figure 5B,C), implying that intensive oxidative stress might
be one of the mechanisms by which OTA exhibited strong pro-inflammatory action on
immature intestinal cells.

Figure 7. (A) Effects of individual and combined AFM1 and OTA on ROS production in FHs 74 Int
cells for 48 h (n = 3). The data of treatment are normalized to control (untreated) as the basal 100%.
(B) Effects of ROS inhibitor NAC on the IL-6 production in cells treated with toxins for 48 h (n = 6).
(C) Effects of ROS inhibitor NAC on the TNF-α production in cells treated with toxins for 48 h
(n = 6). The data was represented as mean ± SEM. Different lowercase indicates statistical differences
between groups (p < 0.05). Con represents the untreated group, AFM1 represents AFM1 at 50 µM,
OTA represents OTA at 2 µM, and M + O represents 50 µM AFM1 + 2 µM OTA, NAC represents
NAC at 5 µM.

3. Discussion

The intestine contains 70–80% of human immune cells and tissues and is regarded
as the first line of defense against potentially harmful substances. Infancy is the critical
period for the maturation of intestinal immune barrier that plays a fundamental role in
the development and function of the immune system [41]. Diet-derived contaminants
including mycotoxins may change the gut microbiota composition and induce intestinal
inflammation during infancy [42], associated with higher risk of allergies, inflammatory
bowel disease, and autoimmune diseases later in life [43–45]. A large number of researches
have indicated that mycotoxin exposure can provoke inflammatory response in mature
intestine models, which is manifested as imbalanced inflammatory cytokines, enhanced
oxidative stress, and obvious inflammatory cell infiltration [46–50]. However, there is scant
literature on the inflammatory injury caused by mycotoxins in immature intestinal models.
In the present study, human fetal small intestinal epithelial FHs 74 Int cell line and ex vivo
culture of fetal mouse intestine were used for the first time to detect the inflammatory
response to individual and combined AFM1 and OTA treatment.

OTA was reported to result in the secretion of pro-inflammatory cytokines such as
IL-6, TNF-α, IL-1β, etc., and affect immune function in the intestine, which corroborated
the current study [51,52]. The immunity-related researches of AFM1 were scarce, though
another aflatoxin (AFB1) was extensively studied. In breast milk and infant food, AFM1
had higher frequency to be detected than AFB1 [2], and accordingly, to be considered
here. It was shown that OTA exhibited much stronger ability in inducing the releases of
pro-inflammatory factors than AFM1 using immature intestinal models. Whether or not
they both executed the same cellular biological processes needed deep discovery on the
molecular scale.

In view of the production of various cytokines and chemokines being modulated by
the expression of their own genes, the classical methodology is applying transcriptomics
analysis on the whole-genome wide range to search the genes differentially altered by
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AFM1 and OTA [53,54]. In this study, RNA-seq data from ex vivo fetal jejunum conformed
to the phenotype of ELISA tests, while the objective of filtering a specific gene population
closely related to fetal intestinal inflammation always relies on the analysis of the biological
pathway. The central prerequisite is that a series of genes in a certain route (from upstream
to downstream) conducting the same functional effects are mostly affected by toxins, rather
than a single or a few genes being involved [55]. The subsequent task for searching one or
several hub gene(s) was based upon the result of pathway analysis and inner connection
of the PPI network. This flow of strategy that narrowed the scope of candidate genes
step-by-step is just like stripping off the orange peel. For example, Zhang et al. (2020)
identified hundreds of DEGs in porcine intestinal epithelial cells (IPEC-J2) triggered by
deoxynivalenol (DON). The MAPK-related immune pathway was significantly enriched
and linked to the motivation of cellular inflammation. Then, p38 and ERK1/2 were further
proven to be the pivot genes in the pathway, and the inhibition on the two genes attenuated
the over-expression of IL6, TNF-α, CXCL2, CXCL8, etc. [56]. Likewise, Yang et al. (2020)
acquired >10,000 DEGs from transcriptome analysis in OTA-induced differentiated Caco-2
cells. Followed by ORA and insight of PPI network, downregulation of gene expression of
MDM2 and upregulation of Noxa and CASP3 were considered to be partly attributed to
cellular apoptosis, causing impairment to the intestinal function [57].

In this study, WGCNA, a systems biology method for calculating the correlation
similarity of expression among genes across multiple samples and allocating genes into
different clusters (modules), was used to screen out the core biological processes aroused by
AFM1 and OTA. Then, the vital node genes involved served as the responder or transducer
were speculated and tested. Finally, NFKB1 and RelB were recognized as hub genes
through PPI network analysis (Figure 4C), and cell experiments verified the up-regulation
and translocation of NF-κB (p50 and RelB) in OTA and AFM1 + OTA treatment group
(Figure 6). The p50 (NFKB1)/RelB dimer, despite not being a common dimeric association
(such as p50/RelA in canonical pathway, and p52/RelB in non-canonical pathway), was
also shown to transcriptionally activate homeostatic chemokines CCL19 in dendritic cells
(DCs) stimulated with TNF-α or LPS [58,59]. Similarly, Moriwaki et al. (2014) found that
receptor interacting protein kinase 3 (RIPK3) specifically promoted the transcriptional level
of several cytokines (IL-23, IL-1β, TNF, and MCP-1) in LPS-treated DCs through RelB-p50
activation and nuclear translocation [60]. Many previous references already addressed that
mycotoxins, including OTA, AFB1, DON, etc., stimulated NF-κB pathway in their actions
of exerting pro-inflammation, oxidative stress and intestinal barrier injury [46,52,61,62].
However, the evidences from current transcriptional analysis were not adequate to prop
up the causal relation between OTA and NF-κB leading to inflammation in fetal intestine.
It was plausible that carrier systems like the H+-dipeptide cotransporter, the organic anion
transporter (OAT), and the organic anion transporting polypeptide (OATP) were implicated
in OTA across cells, notwithstanding some contradictions announced as well [63]. Since
the path of OTA be absorbed into intestinal cells is elusive till now, it was herein not
convincing to conclude the over-releases of cytokines followed by the treatment of toxin
was directly passing-through NF-κB. Besides, whether the difference of AFM1 and OTA in
facilitating cytokines is mainly attributable to the extent of stimulation of NF-κB was far
from clear based on our results for the moment. Hence, more explorations are needed to
enucleate the toxicokinetics of AFM1 and OTA in fetal intestinal cells. Here, we proposed
some underlying mechanistic hypotheses referring to the results obtained from the present
research and previous reports.

(I) Toxin-derived reactive forms of by-products and intermediates affected NF-κB-
related inflammation. Except for the liver and kidney, the major organs of the metaboliza-
tion and accumulation of mycotoxins, the intestinal mucosa also has the capacity to bio-
transform AFM1 and OTA on account of a diversity of enzymes: CYPs (P450), prostaglandin
synthase (PGSH), and lipoxygenase (LOX), etc. [64]. AFM1 can be metabolized to AFM1-
8,9-epoxide and aflatoxicol M1. Under complex metabolic systems, OTA could be con-
verted to different forms: OTα, ochratoxin B (OTB), ochratoxin C (OTC), epimers of 4-
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hydroxyochratoxin A (4-OH OTA), 10-hydroxyochratoxin A (10-OH OTA), lactone-opened
OTA (OP-OTA), and OTA-derived quinones (OTAQ/OTAHQ). Such biotransformations
were regarded as detoxification or bioactivation steps to AFM1 and OTA [65]. Besides,
conjugation reactions of OTA and AFM1 with endogenous glucuronic acid, sulfate, and glu-
tathione (GSH) occurred synchronously [63,66]. All of the processes changed the running
sides of mycotoxicoses of AFM1 and OTA. In particular, OTA and some of its metabolites
exhibited intensive activity to elicit oxidative stress by over-producing reactive oxygen
species (ROS) detected by electronic paramagnetic resonance spectroscopy [67], impairing
the antioxidant defense systems (such as depletion of GSH, inactivation of antioxidative
enzymes, and inhibition of Nrf2-related genes) [68,69], and thus exerted pro-inflammatory
effects indirectly [65]. To date, numerous researches have revealed the toxicology of aflatox-
ins and ochratoxins were somehow attributable to the toxin-induced disturbances of redox
homeo-stasis [65,69,70]. Forrester et al. (2018) and Shi et al. (2003) confirmed that accu-
mulative ROS, when not to be scavenged in time, could irritate NF-κB and further arouse
the productions of cytokines [71,72]. As demonstrated in our results, AFM1 and OTA both
disturbed the oxido-reductive balance in FHs 74 Int intestinal cells, which might be one
of the mechanisms implicated in the degree of occurrence of inflammation. In addition,
toxins together with excessive ROS could cause damage to DNA (double strand-breaking
and DNA-adducts forming), lipid peroxidation, alteration of permeability of membrane,
and disruption of calcium homeostasis and be involved in promoting the programmed
cell death (PCD) and necrosis [73,74]. The LDH assay in our research laterally showed
that OTA did great physical damage to immature intestine tissue compared with AFM1.
Some damage-associated molecular patterns (DAMPs), which are the substances secreted
or exposed by injured or necrotic cells, could be recognized by pattern recognition recep-
tors (PRRs) of cells, thereafter inspiring the NF-κB pathway and inducing inflammatory
mediators [39].

To partially support this, we selected and listed several proximal genes to NFKB1
from the network (Supplementary Table S2), so as to conjecture and comprehend the role of
NF-κB in the way of toxin-induced inflammation. Among these genes, NLRP3 attracted our
concerns due to its gene expression being up-regulated in AFM1, OTA, and AFM1 + OTA
groups, and the extent of the increment was higher in OTA and AFM1 + OTA than AFM1.
NLRP3 belongs to NOD-like receptor (NLRs) family which is one of the most important
members in PRRs regarding innate immune response [75]. The protein of NLRP3 mainly
locates in nucleus and cytosol, and leads the assembly of inflammasome, together with
adapter protein ASC (gene name: PYCARD) and pro-caspase 1 [76]. The expression of
PYCARD and Casp1 were lifted by OTA and AFM1 + OTA. Upon stimulation by diverse
events, such as mitochondrial dysfunction, oxidative stress, and deregulation of calcium
flux, NLRP3 recruits pro-caspase 1 via ASC, thereby processing pro-caspase 1 to the
bioactive protein [76]. Activated caspase 1 then cleaves pro-IL1 and pro-IL18 into their
mature forms, which further trigger cascades of cellular inflammation [77]. Intriguingly,
in our study, the gene expression of IL-1β was increased by AFM1, but not by OTA.
Meanwhile, the expression of IL-1α and IL-18 was increased by OTA, but not by AFM1,
indicating that some unknown manipulations above were separately controlled by AFM1
and OTA during their mycotoxicosis. Of note, dysregulation of NLRP3 inflammasome
was mediated by active NF-κB (NLRP3 is a direct target gene of NF-κB and contains
NF-κB-binding sites in its promoter region), and there have been compelling evidences
showing that NLRP3 inflammasome via activation of NF-κB contributed to the onset
of inflammatory bowel disease (IBD) [78,79]. As aforementioned, excessive ROS and
other ensuing substances (e.g., DAMPs) brought by toxins (especially for OTA) could
call up the signal transduction to NF-κB. It was further found that the replenishment of
antioxidants declined the gene expression of NFKB1 and allayed the degree of inflammation
in toxin-treated intestinal cells, providing evidence that ROS might be served as the second
messenger of OTA in regulating inflammatory responses, whereas AFM1 induced weaker
pro-inflammatory responses as a result of limited ability in ROS generation.
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(II) Specific interaction between toxin with a target molecule (e.g., receptor), triggering
downstream NF-κB by programming signal transduction cascades. We put forward spec-
ulation that ROS scavengers could not entirely restore the level of cytokines. Hence, the
above explanations might be one-sided to uncover the mechanisms of phlogistic processes
caused by toxins. Zearalenone (ZEN), another toxin from Fusarium graminearum, was
verified to pose reproductive adverse effects and inflammatory consequences after binding
to estrogen receptors, ERα and ERβ, and be responsible for the stimulation of gene of NF-
κB [80]. Liu et al. (2019) proved aryl hydrocarbon receptor (AhR) played a key role in the
transcriptional activation of CYP1A5 by T-2 toxin, thereafter reducing cell viability, causing
oxidative stress and inducing DNA damage as well as apoptosis [81]. The methodology of
transcriptome profiling could not let us get detailed information discerning the interaction
between OTA and certain molecule(s) (if any). Whether OTA and its cellular metabolites
have corresponding receptor(s) (on the membrane surface, or in the cytoplasm or nucleus of
fetal intestinal cells) with high affinity, which possibly conduces to the activation of NF-κB,
deserves next investigations. In view of the analysis of ‘structure–activity relationships’
(SAR), OTA and most of its metabolites (except for OTα) commonly contain the moiety
similar to phenylalanine (Phe) that can act as a substitute for Phe, which might facilitate
conjunction with macromolecules or impede the synthesis of proteins, finally impacting on
the expression of NF-κB [65]. Given that NF-κB played a pivotal role in the toxin-enhanced
inflammation of the intestine, AFM1 seemed to have a negligible influence on its expression
and location. To figure out a clear intracellular metabolic route of AFM1, it is a convenient
approach to adopt in silico analysis by means of molecular docking to predict and filter
the possible targets of AFM1. In addition, it might be feasible to use the antibody against
OTA or AFM1 to capture their linked proteins in cells (similar to the method of co-IP),
and to use in vitro tests such as SPR or ITC to measure the binding constant of toxins with
specific macromolecules.

Another vital issue with regard to the spatial interactions of AFM1 and OTA in current
study, namely, why mixture of AFM1 and OTA represented lower pro-inflammatory effects
compared to individual OTA treatment, could be answered on the basis of the above
conceptions. The synergism of different toxins always relies on exerting toxicity by means
of the same path or one toxin promoting the rate of absorption of the other. On the contrary,
antagonistic action happens when competing for the same target. Hence, AFM1 and OTA
might share a common channel of transporting into intestinal cells, or probably, their way
of executing pro-inflammation is similar but conflicting [82]. Tavares et al. (2013) utilized
mathematic model to estimate the cytotoxic relationship of AFM1 and OTA and found
that both of the toxins at low concentration presented an antagonistic association owing
to a competition for glutathione and thus decreased the level of ROS produced by single
OTA-brought redox cycling [83]. More detailed investigations are required in this respect
in the future.

To sum up, we exploited phenotypic assays to depict and compare the inflamma-
tory responses driven by AFM1 and OTA, which is the first attempt launched in the fetal
intestine. Transcriptomics analyses gave an overall impression concerning the genomic
expression scale to uncover the latent intracellular molecular changes and to decipher
related mechanisms. A better understanding of key pathways and genes that are related to
mycotoxin-induced inflammatory injury of the fetal intestine is of great significance for the
development of detoxification schemes with appropriate and accurate targets. However,
many other unsolved questions remain because protein translation and post-translational
modifications can be altered by AFM1 and OTA. Moreover, elaborated toxicokinetics reflect-
ing metabolic courses of toxins in cells and inner relationships with intracellular signals are
poorly known. In the long run, further substantial valuable efforts are still needed.
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4. Materials and Methods
4.1. Chemicals and Reagents

Standard AFM1 and OTA (purity greater than 99.0%) used in the experiment were
purchased from Pribolab (Singapore) and then dissolved in Dimethylsulfoxide (DMSO) to
prepare 10 mg/mL stock solution stored at −20 ◦C. For isolated tissue ex vivo culturing,
Opti-MEM I medium, HEPES buffer, L-glutamine, and fetal bovine serum (FBS) were
purchased from Gibco (Grand Island, NY, USA). Hydrocortisone was purchased from
MedChemExpress (Monmouth Junction, NJ, USA). Recombinant mouse epidermal growth
factor (EGF) and ITS liquid media supplement (100×) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). For cellular in vitro culturing, human fetal small intestinal epithelial
FHs 74 Int cell line and its corresponding basal medium (Hybri-Care Medium) were
purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA), and
recombinant human EGF was from Sigma-Aldrich (St. Louis, MO, USA). For determination
assays, the LDH cytotoxicity assay kit, the enhanced cell counting kit-8 (CCK-8), and BCA
protein measuring kit were purchased from Beyotime Biotechnology (Shanghai, China).
Enzyme-linked immunosorbent assay (ELISA) kits quantitating the contents of mouse
Interleukin (IL)-6, TNF-α, and IL-10 were from R&D Systems, Inc. (Minneapolis, MN,
USA). Human IL-6 and human TNF-α ELISA kits were from Abcam (Cambridge, UK).
Reactive oxygen species (ROS) assay kits were obtained from Solarbio (Beijing, China).
Reagents for Western blotting, including lysis buffer, protease inhibitor cocktail, TBS with
0.1% (v/v) Tween-20 (TBST), and Western blocking buffer, were purchased from Solarbio
(Beijing, China). The primary rabbit-sourced antibodies against β-actin, PCNA, NFKB1,
RelB, and secondary antibody ‘goat anti-rabbit IgG/HRP’ were purchased from Bioss
(Beijing, China), and Pierce™ ECL Western Blotting Substrate was purchased from Thermo
Scientific Fisher (Waltham, MA, USA).

4.2. Ex Vivo Culturing of Isolated Jejunal Tissues

All animal experiments were approved by the Ethics Committee of Institute of Animal
Sciences, Chinese Academy of Agriculture Sciences (Beijing, China) under protocol number
IAS2019-3. CD-1 mice (from Beijing Vital River Laboratory Animal Technology Co., Ltd.,
Beijing, China) were raised in the Specific Pathogen Free (SPF) barrier system on a 12/12 h
light and dark cycle, with the ambient temperature at 25 ± 2 ◦C, and relative humidity at
55 ± 5%. They were acclimated to the environment for 7 days, and then mated. The day a
copulation plug was observed was considered the 1st day of pregnancy. After that, fetal
mice were removed by C-section on day 18 of gestation, and 3 mm long pieces of jejunum
tissue were then collected, washed, and maintained in Opti-MEM I medium supplemented
with 10% (v/v) FBS, 1% (v/v) ITS Liquid Media Supplement, 2 mM L-glutamine, 200 nM
Hydrocortisone, 10 mM HEPES buffer, 200 ng/mL recombinant mouse EGF, and antibiotics
(100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25 µg/mL Amphotericin B) as
previously reported [84].

4.3. Treatment of Isolated Jejunum Tissues with Individual and Combined AFM1 and OTA

The jejunal tissues were treated with AFM1 (0, 0.5, 5, 10, 25, 50, 100 µM) or OTA (0, 1,
2, 4, 8, 16 µM) for 24 h immediately after incubation with the organ culture medium above-
mentioned for 2 h. Both the toxins were dissolved in DMSO to obtain the stock solution,
and the final concentration of DMSO in the medium was less than 0.5% (v/v). Thereupon,
the supernatants were collected for LDH release measurement tests as well as the mouse
IL-6, TNF-α, and IL-10 ELISA analysis as per manufacturer’s instructions, so as to choose
the appropriate concentration of each toxin for further experiments. The absorbances of the
samples were measured by subtracting readings at 570 nm from the readings at 450 nm
using a microplate reader (Thermo Scientific, Waltham, MA, USA). Based on the results
of ELISA, the optimal doses of AFM1 and OTA were selected respectively, and the same
protocol above was used to detect the effect of combined AFM1 and OTA on the viability
of isolated jejunal tissues as well as the stimulation of inflammatory cytokines. Finally, the
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intestinal tissues treated by individual AFM1 and OTA of selected concentration and the
mixture of AFM1 + OTA (24 h) were collected and stored at −80 ◦C for RNA extraction
and further RNA-seq analysis.

4.4. RNA-seq and Bioinformatics Analysis

Total RNA was extracted from fetal mouse jejunum tissue using Trizol reagent (Invit-
rogen, Carlsbad, CA, USA) according to the manufacturer’s protocols. The quality of RNA
was assessed by NanoPhotometer spectrophotometer (Thermo Scientific, Waltham, MA,
USA) and Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA, USA). To construct the se-
quencing library, mRNAs were firstly enriched by Oligo (dT) beads out of total RNAs, and
then fragmented into short pieces, which were subsequently transcribed to complementary
DNAs (cDNAs). After purification and 3′ end-addition of adenine of cDNA, the fragments
were ligated to adapters, followed by PCR amplification. The amplified and purified PCR
products were finally sequenced by Illumina HiSeq2500, which was conducted in Gene
Denovo Biotechnology Co., Ltd. (Guangzhou, China). Raw reads formed above were
cleaned by quality control (QC), and then aligned with reference genome (Mus muscu-
lus, Ensembl_release 100) using HISAT2 software [85]. Afterwards, based on the above
mapping results, transcripts were reconstructed and annotated by StringTie software [86].
For each transcription region, a FPKM (fragment per kilobase of transcript per million
mapped reads) value was calculated to normalize and quantify its expression abundance.
Further statistical analyses: sample principal component analysis (PCA), sample correla-
tions (correlation coefficient matrix), and identification of differentially expressed genes
(DEGs, via DESeq2 software) based on the thresholds: FDR < 0.05 and relative fold change
> 2.0 [87], were performed individually by corresponding packages: gmodels, pheatmap,
BiocManager, corrplot of R3.6.3, and visualized by ggplot2.

In this study, R package WGCNA (v1.47) was used with the aim to cluster genes into
different modules according to their similarity of expression patterns (i.e., the degree of
co-expression of genes) [88]. In view of this, selective condensing the huge number of
candidate genes associated with toxin-induced inflammation could benefit from WGCNA
study. Briefly, after removing low-quality genes, all samples were hierarchically clustered
to detect any obvious outliers, and POWER value 12 was determined to ensure a scale-
free network using R function pickSoftThreshold. Setting minModuleSize to 50 genes, a
Dynamic Tree Cut was constructed based on correlation between expression levels of genes,
and modules with high eigengene similarities (>0.75) were further merged into Merged
dynamic. By calculating and comparing the degree of relationship between modules and
samples, the modules strikingly affected by toxins were screened out. Thereafter, genes
in the modules of interest were functionally annotated by Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Reactome, and then enriched into diverse significant metabolic
pathways based on hypergeometric distribution algorithm. The genes involved in the
biologic pathway of top significance were uploaded onto STRING database to carry out
protein–protein interaction (PPI) network analysis, and the exported original data were
reorganized and visualized by Cytoscape 3.6.1 to help find potential ‘hub genes’ in the
network under exposure to individual and combined AFM1 and OTA.

4.5. FHs 74 Int Cells Culturing and Treatment

The human fetal small intestinal epithelial (FHs 74 Int) cells were cultivated in Hybri-
Care Medium with 10% (v/v) FBS, antibiotics (100 U/mL penicillin, 0.1 mg/mL strepto-
mycin), and 30 ng/mL EGF (species: human) in a humidified CO2 incubator (Thermo
Scientific, Waltham, MA, USA) at 37 ◦C. FHs 74 Int cells were seeded in a 96-well plate
(Corning, NY, USA) at the density of 1 × 104 cells/well. After cells attached and grew up to
a confluence of 90%, they were challenged with different concentrations of AFM1 (0, 1.5625,
3.125, 6.25, 12.5, 25, 50, 100 µM) or OTA (0, 0.01, 0.05, 0.1, 0.5, 1, 2, 4 µM) in serum-free
medium for 48 h. The effects of AFM1 and OTA on the cellular viabilities were detected
by an enhanced CCK-8 kit, and the appropriate concentration was selected for subsequent
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experiments. The absorbance of each well was recorded using a microplate reader (Thermo
scientific, Waltham, MA, USA) at the wavelength of 450 nm. Results of treatment groups
were normalized to control group as the basal line of 100%. CCK-8 assays were undertaken
in three independent experiments, each with six parallel replicates per treatment.

4.6. RT-qPCR and ELISA Assays

FHs 74 Int cells were seeded in a 6-well plate at the density of 2 × 105 cells/well,
and grew up to a confluence of 90%. After that, cells were exposed to single AFM1 (12.5
and 50 µM), OTA (0.01 and 2 µM), or combination of AFM1 and OTA (12.5 µM AFM1
plus 0.01 µM OTA, or 50 µM AFM1 plus 2 µM OTA) for 48 h, respectively. Group with
basal culturing medium without mycotoxins addition was set as control. According to the
manufacturer’s instructions, the supernatants were collected and centrifuged to measure
the concentrations of IL-6 and TNF-α by using ELISA kits. Moreover, total RNA from
FHs 74 Int cells was extracted using Trizol, followed by reverse transcription to cDNA by
PrimeScript RT reagent Kit (Takara, Dalian, China). The gene expressions of inflammation
cytokine (IL-6, TNF-α) or inflammation-related regulator (NFKB1, RelB) were tested on the
Bio-Rad CFX96 system (Bio-Rad, Hercules, CA, USA) using TB Green Premix Ex Taq II
(Takara, Dalian, China). The housekeeping gene GAPDH was used as the internal reference
to calibrate inequal content of original spotting of total mRNA. The relative expression
of each gene in treatment group (fold change of expression compared to control) was
calculated by the method of 2−∆∆Ct. The primers sequences of these genes are listed in
Supplementary Table S1. Furthermore, the data of qPCR of FHs 74 Int cells were compared
with the corresponding data of RNA-seq of jejunal tissues of fetal mouse.

4.7. Western Blotting Assay

FHs 74 Int cells were cultured and treated with single AFM1, OTA or mixture of
AFM1 + OTA as Section 2.6. described. Total protein, nuclear protein, and cytoplasmic
protein of each sample was extracted by a ‘Western and IP cell lysis kit’ and ‘Nuclear
and Cytoplasmic Protein Extraction Kit’, respectively (Beyotime, Shanghai, China), and
the supernatant was collected after centrifugation. Each aliquot of protein sample was
supplemented with one fifth volume of SDS loading buffer (with dithiothreitol) and then
heated under 100 ◦C for 5 min. After that, each protein sample was loaded onto SDS–
PAGE gels, transferred to membranes, and blocked for 1.5 h with blocking buffer at room
temperature. Following this, the membranes were incubated overnight with primary
antibodies against β-actin, PCNA, IκBα, NFKB1 and RelB, respectively (1:1000 in TBST)
at 4 ◦C. After washing five times with TBST for 10 min, the membranes were incubated
with HRP-tagged secondary antibody (1:5000 in TBST) for 1 h. The bands were detected
using a Pierce™ ECL Western Blotting Substrate kit with auto-image analysis system
(Tanon, Shanghai, China). The intensity of bands of IκBα, NFKB1, and RelB were further
quantified by ImageJ software and normalized to that of β-actin (internal reference for total
protein and cytoplasmic protein) and PCNA (internal reference for nuclear protein). The
translocation of the dimer of NFKB1 and RelB from cytoplasm to nucleus was assessed by
comparing their relative expression in either compartment.

4.8. Analysis of Intracellular ROS Concentration

FHs 74 Int cells were cultured and treated with single AFM1, OTA, or mixture of
AFM1 + OTA as described in Section 2.6. The cells among groups were harvested, counted,
and diluted to the same concentration with 0.01 M PBS. After that, the cells were suspended
in serum-free medium containing 10 µM H2DCF-DA, incubating at 37 ◦C in the dark for
30 min, during which time the cells were inverted and mixed every 3–5 min. After fully
removing DCFH-DA that did not enter the cells after three times washing with serum-free
medium, intracellular ROS levels were detected on a microplate reader (Thermo scientific,
Waltham, MA, USA) with an excitation wavelength of 488 nm and an emission wavelength
of 525 nm.
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4.9. Treatment of Antioxidant N-Acetyl-l-Cysteine (NAC) in the Presence of Toxins

FHs 74 Int cells were seeded in a 12-well plate at the density of 1 × 105 cells/well
and grew up to 90% confluence. The cells were divided into seven groups and incubated
with control (no treated), single, and combined AFM1 (50 µM) and OTA (2 µM) with
and without the presence of 5 mM NAC. After incubation at 37 ◦C for 48 h, ELISA kits
were used to determine the levels of IL-6 and TNF-α in the supernatants following the
manufacturer’s instructions.

4.10. Statistical Analysis

All experimental data are presented as the mean of three independent experiments ±
SEM. Data analysis was performed using SPSS 19.0 (SPSS Inc., Chicago, IL, USA). Significant
differences among groups were assessed using one-way ANOVA test followed by Tukey’s
multiple comparisons. p < 0.05 was deemed to be statistically significant different between
the control and treatment groups.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins14030173/s1, Figure S1: Effects of (A) various doses of AFM1, (B) various doses OTA and
(C) AFM1 + OTA treatment for 24 h on the release of IL-10 from the isolated jejunal tissues. In panel
(C), the concentration of AFM1 and OTA was 50 µM and 4 µM, respectively. Results were shown as
mean ± SEM (n ≥ 6). * p < 0.05 statistically significantly compared with control, Figure S2: FPKM
distribution of all samples, Figure S3: Relative expression of each gene (vs. DMSO group) involved
in block 1 ‘Cytokine-Cytokine receptor interaction’ pathway, Figure S4: Relative gene expression (vs.
DMSO group) of (A) IL6 (B) TNF-α (C) NFKB1 and (D) RelB using qPCR assay in FHs 74 Int cells and
RNA-seq method in jejunal tissues of fetal mice. Blue bar and red bar represent the qPCR-data from
toxin groups at low and high concentration, respectively (AFM1 low: 12.5 µM, AFM1 high: 50 µM;
OTA low: 0.01 µM; OTA high: 2 µM). Green fold line represents the data from RNA-seq, Table S1: List
of primer sequence for Real-Time qPCR, Table S2: List of several genes adjacent to NFKB1 based on
PPI network analysis. Different lowercase indicates statistical differences between groups (p < 0.05).
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