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Abstract

Deoxynivalenol (DON) and patulin (PAT) are common mycotoxins in cereals and fruits,
posing health risks for animals and human beings. In order to study their liver toxicity,
24 mice were randomly assigned to four groups, with six replicates in each group (one
mouse per cage). The mice were intragastrically administered with DON, PAT, DON + PAT
(DP), or without DON and PAT (the control group) for 28 days, respectively. The results
showed that body weight gain was significantly reduced by all toxin treatments, compared
with the control group, and the lowest body weight gain was observed in the DP group.
Histopathology revealed that hepatocyte damage and inflammatory infiltration were more
serious in the DP group, exhibiting the highest mRNA abundances of MyD88, IFN-γ, and
JAK2. The severity of hepatocyte apoptosis induced in each group followed the order: DON
> DP > PAT; the severity of oxidative stress was ranked as DP > DON > PAT. Transcriptomic
analysis revealed that numerous differentially expressed genes were regulated by DP
treatment, which were mainly enriched in the MAPK, JAK-STAT, and transforming growth
factor (TGF)-β signaling pathways. In conclusion, individual exposure to DON or PAT
triggered hepatic injury, and their co-exposure further exacerbated liver damage.

Keywords: DON; PAT; mice; inflammation; apoptosis; oxidative stress

Key Contribution: This study demonstrates that single exposure to deoxynivalenol (DON)
or patulin (PAT) induces mouse liver injury, while their co-exposure exacerbates hep-
atic damage, inflammation, apoptosis, and oxidative stress mainly through the MAPK,
JAK-STAT, and TGF-β signaling pathways, providing novel insights into the toxic risk of
mixed mycotoxin contamination in food.

1. Introduction
Mycotoxins are toxic secondary metabolites produced by fungi including Aspergillus,

Fusarium, and Penicillium. They are characterized by high stability and widely contaminate
and accumulate in cereals and various foods; however, their presence is often inconspicu-
ous [1]. Food quality is impaired, and persistent and severe threats to human and animal
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health are posed through multiple processes including immunosuppression and organ
damage [2]. Over 400 mycotoxin species have been isolated and identified [3]. Among
these, deoxynivalenol (DON) and patulin (PAT) are regarded as two representative and
widely distributed mycotoxins in human and animal food products [4]. DON is mainly
produced by fungi including Fusarium graminearum. It is widely detected as a contaminant
in cereals and corresponding processed products, such as wheat, maize, and barley, etc. A
detection rate of DON higher than 70% has been observed in cereals globally, while rates
exceeding the regulatory limits have been documented to range from 20.4% to 21.5% in
Northern and Central Europe [5]. Furthermore, the risk of contamination with more than
one mycotoxin is considerably elevated in years with heavy rainfall. PAT is metabolically
produced by toxigenic fungi including Penicillium and Aspergillus species. It is a hallmark
contaminant in fruits such as apples, pears, grapes, and their processed products, which
cannot be completely eliminated during food processing [6–8]. PAT has also been detected
in cereals, legumes, seeds, nuts, and vegetables [9]. Nevertheless, insufficient attention
has been paid to PAT. Clear regulatory limits have been established only for fruits and
their processed products; however, PAT has not received the same extensive attention as
DON [10,11]. The co-occurrence of multiple mycotoxins, including dual contamination,
is widely prevalent in food and feedstuffs [12,13]. Additive toxic effects have been well
demonstrated when certain mycotoxins, such as aflatoxin B1 (AFB1) and DON, coexist in
matrices [13]. Notably, additive toxic effects have been well demonstrated when certain
mycotoxins such as aflatoxin B1 (AFB1) and DON coexist in matrices [14]. Accordingly,
whether additive toxic effects can be triggered by the combined presence of DON and PAT
remains to be elucidated.

As the main metabolic and detoxifying organ in organisms, the liver is easily damaged
by mycotoxins. Thus, hepatotoxicity serves as a critical endpoint in the risk assessment of
such pollutants [15]. DON and PAT, as common food contaminants, have been confirmed
to exert significant hepatotoxicity individually. Intragastric administration of 2.4 mg/kg
body weight of DON to mice for 28 days and intragastric administration of 4 mg/kg body
weight of PAT induced pathological changes in liver tissues [16,17]. Additionally, excessive
oxidative stress can be induced in hepatic tissue by DON or PAT exposure, accompanied
by the massive generation of reactive oxygen species, decreased antioxidant capacity of
the body, and elevated lipid peroxidation levels [18–20]. Furthermore, persistent inflam-
matory responses in the liver are activated, and the release of pro-inflammatory factors is
upregulated, which further triggers hepatocyte apoptosis and liver tissue lesions [21–23].
Only one report was found concerning the combined hepatocellular carcinoma toxicity of
DON and PAT [24]. Whether the combination of these two toxins exhibits stronger hepatic
toxicity in animals than individual toxins has not been reported. Therefore, it is of great
scientific significance to investigate the hepatic toxicity and molecular mechanism of action
in mice treated with DON, PAT, or their combination.

2. Results
2.1. Effects of Individual or Combined Treatment with DON and PAT on Growth Performance and
Hepatic Organ Index Values in Mice

No significant difference was observed in the initial body weight among all groups
of 6-week-old mice, suggesting uniform grouping suitable for subsequent experiments
(Figure 1A). Figure 1B showed that body weight was reduced in mice exposed to DON,
PAT or DP, compared with the CON group. Specifically, the body weight of mice on the
28th day in the DON, PAT, and DP groups was significantly lower than that in the CON
group (p < 0.05), whereas that in the DON group was significantly higher than that in the
DP group (p < 0.05). No significant difference was found between the DON and PAT groups
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or PAT and DP groups (p > 0.05). Body weight gain in the DON, PAT, and DP groups was
significantly reduced, compared with the CON group (p < 0.05) (Figure 1C), which was
insignificantly different between the PAT and DP groups (p > 0.05). Figure 1D showed that
there was no significant difference in the hepatic organ index values between the DP and
CON groups (p > 0.05). However, the hepatic indices in both DP and CON groups were
significantly lower than those in the DON group, and significantly higher than those in the
PAT group. In conclusion, the growth of mice was inhibited by exposure to DON, PAT, or
DP; hepatic index changes were observed in mice treated with DON or PAT alone.

Figure 1. Individual and combined effects of DON and PAT on mice growth and hepatic indices
(n = 6). Note: CON: control group; DON: 1.5 mg/kg/d DON group; PAT: 2 mg/kg/d PAT group;
DP: 1.5 mg/kg/d DON + 2 mg/kg/d PAT group. (A,B) Body weights of mice in each group at the
ages of 0 and 28 days, respectively. (C) The body weight gain of mice during the 0–28 d period.
The horizontal dashed line indicates the zero baseline for body weight gain; (D) Liver indexes of
mice in each group. The same lowercase letters (e.g., a, b and c) as superscripts indicate statistically
insignificant differences between treatment groups (p > 0.05), whereas the different lowercase letters
denote statistically significant differences (p < 0.05).

2.2. Effects of Individual or Combined Exposure to DON and PAT on Hepatic Histomorphology
in Mice

Disordered hepatocyte arrangement, karyolysis, karyorrhexis, and inflammatory cell
infiltration were observed in mouse liver tissues after treatment with DON, PAT, or DP,
compared with the CON group (Figure 2). More severe liver tissue damage was found in
the DP group, where massive inflammatory cell infiltration was detected. These results
indicate that morphological damage to liver tissue was induced by a single exposure to
DON or PAT. Furthermore, DON and PAT co-exposure aggravated inflammation and
exacerbated hepatic damage in mice.

2.3. Effects of Individual or Combined Exposure to DON and PAT on Hepatic Apoptosis in Mice

The mRNA abundances of Bax and caspase-3 or the Bax/Bcl-2 ratio in the DON group
were significantly higher than those in the CON, PAT, and DP groups, whereas the mRNA
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abundance of Bcl-2 in the DON group was significantly lower than that in the other groups
(p < 0.05) (Figure 3). These results indicate that hepatocyte apoptosis induced by DON
treatment in the mice was more severe than that from PAT treatment or combined treatment
with DON and PAT. The mRNA abundance of Bax was insignificantly different between the
PAT and CON groups (p > 0.05), which was significantly lower than that in the DP group.
The mRNA abundance of Bcl-2 in CON and DP groups was significantly higher than that
in the DON and PAT groups (p < 0.05). The ratio of Bax/Bcl-2 mRNA abundance in the
CON group was the lowest, compared with other groups (p < 0.05), without a significant
difference between the PAT and DP groups (p > 0.05). Additionally, Caspase-3 mRNA
abundance was insignificantly different among CON, PAT, and DP groups (p > 0.05). These
findings suggest that the hepatocyte apoptosis induced by DON in mice was the most
severe, followed by co-exposure to DON and PAT (DP group), and PAT alone triggered the
mildest hepatic apoptosis.

Figure 2. Histopathological alterations in mouse liver tissues influenced by treatment with DON, PAT,
or DP (n = 3). Note: (A) control group; (B) 1.5 mg/kg/d DON group; (C) 2 mg/kg/d PAT group; (D)
1.5 mg/kg/d DON + 2 mg/kg/d PAT group. Liver sections were stained with hematoxylin and eosin
(H&E), and the magnification was 30×. Yellow arrows: inflammatory cell infiltration; blue arrows:
karyorrhexis; green arrows: hepatocyte karyolysis; red arrows: disordered hepatocyte arrangement.

2.4. Effects of Individual or Combined Exposure to DON and PAT on Hepatic Inflammation
in Mice

The mRNA abundances of TLR4, IκBα, IL-1β, and STAT3 were significantly upreg-
ulated in the DON group, compared with the CON group (p < 0.05) (Figure 4A–I). No
significant alterations were detected in the mRNA abundances of MyD88, IL-6, IFN-γ,
or JAK2 (p > 0.05), whereas the mRNA abundance of TNF-α in the DON group was sig-
nificantly reduced (p < 0.05). The mRNA levels of MyD88, IκBα, IL-1β, IL-6, and TNF-α
were significantly elevated in the PAT group, compared with the CON group (p < 0.05),
while no significant differences were observed in the mRNA levels of TLR4, IFN-γ, JAK2
or STAT3 between both groups (p > 0.05). In the DP group, the mRNA levels of TLR4,
MyD88, IL-1β, IL-6, TNF-α, IFN-γ and JAK2 were markedly higher than those in the CON
group (p < 0.05); only the mRNA levels of IκBα and STAT3 showed no significant changes
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(p > 0.05). The distribution and relative average optical density (AOD) of IL-6 and TNF-α
in liver tissues were displayed in Figure 4J. No significant differences were found in the
numbers of IL-6-positive and TNF-α-positive cells in the DON group, compared with
the CON group (p > 0.05). However, the numbers of IL-6-positive and TNF-α-positive
cells in the PAT and the DP groups were significantly higher than those in the CON and
DON groups (p < 0.05), which were consistent with the changes in TNF-α and IL-6 mRNA
abundance. The above results demonstrate that single and combined treatments with DON
and PAT triggered inflammatory responses in the liver. Among all treatment regimens, the
combined administration of DON and PAT exerted the most potent regulatory effects on
the mRNA levels of MyD88, IFN-γ, and JAK2.

Figure 3. Individual and combined effects of DON and PAT on hepatic apoptosis in mice (n = 3).
Note: (A–D) represent the mRNA abundances of Bax, Bcl-2, Bax/Bcl-2 ratio, and Caspase-3 in mouse
liver, respectively. Identical lowercase superscript letters (e.g., a, b, c) indicate no significant differ-
ences among treatment groups (p > 0.05); different lowercase superscript letters indicate significant
differences (p < 0.05).

2.5. Effects of Individual or Combined Treatment with DON and PAT on Hepatic Oxidative Stress
in Mice

Figure 5 shows alterations in the expressions of oxidative stress-related genes in the
liver of mice exposed to DON, PAT, or DP. The results showed that the mRNA level of Nrf2
in the DON group was significantly reduced (p < 0.05), while the mRNA levels of heme
oxygenase (HO-1) and NQO1 in the DON group were significantly elevated (p < 0.05),
compared with the CON group. No significant change was observed in the mRNA level of
Keap1 (p > 0.05) between the CON and DON groups. The mRNA levels of Nrf2, Keap1,
and NQO1 in the PAT group were significantly reduced, whereas the mRNA level of HO-1
was significantly elevated (p < 0.05), compared with the CON group. The mRNA levels of
Nrf2, Keap1, and NQO1 in the DP group were significantly lower than those in the other
three groups (p < 0.05). There was no significant difference in the mRNA level of HO-1
between the CON and DP groups. Collectively, single DON or PAT exposure induced
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hepatic oxidative stress in mice, and their combined exposure exacerbated such oxidative
stress to produce enhanced toxic effects.

Figure 4. Individual and combined effects of DON and PAT on the expression of liver inflammation-
related genes in mice (n = 3). Note: (A–I): mRNA abundances of TLR4, MyD88, IκBα, IL-1β, IL-6,
TNF-α, IFN-γ, JAK2, and STAT3; (J) representative IHC images and relative protein expression of
IL-6 and TNF-α in liver tissue. The magnification was 60×. Identical lowercase superscript letters
(e.g., a, b, c) indicate no significant differences among treatment groups (p > 0.05); different lowercase
superscript letters indicate significant differences (p < 0.05).

2.6. RNA-Seq Analysis

Transcriptomic analysis was performed to further investigate the potential mecha-
nisms underlying the hepatic toxicity induced by individual and combined exposure to
DON and PAT in mice, and to examine the alterations in gene expression in mouse liver
tissue. Principal component analysis (PCA) was conducted based on gene expression
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levels (Figure 6A). The results showed that 18.41% and 15.96% of the total variation were
explained by principal component 1 and principal component 2, respectively. Differentially
expressed genes with |log2(fold change)| > 1 and adjusted p-value < 0.05 were identified
through pairwise comparisons between any two of the four groups (Figure 6B). 35, 61, and
54 upregulated DEGs as well as 37, 58, and 77 downregulated DEGs were detected in the
DON, PAT, and DP groups relative to the CON group, respectively. In detail, 18 upregu-
lated DEGs and 35 downregulated DEGs were recognized in the comparisons between
the DP and DON groups, and 48 upregulated DEGs and 54 downregulated DEGs were
recognized in the comparisons between the DP and PAT groups. When the PAT group was
compared with the DON group, 73 upregulated DEGs and 84 downregulated DEGs were
found. The most significantly upregulated and downregulated DEGs were Hamp2 and
Mup17 in the DON group (Figure 6C), Uqcc1 and Chka in the PAT group (Figure 6D), and
Apoa4 and Rsrp1 in the DP group (Figure 6E), respectively, compared with the CON group.
The relative mRNA abundance of these differentially expressed genes was further verified.
According to Figure 6F–H, Hamp2 (DON group), Chka (PAT group), Apoa4 and Rsrp1
(DP group) displayed remarkably altered mRNA levels compared with the control group,
matching the DEG regulation trends in Figure 6C–E. However, Mup17 in the DON group
and Uqcc1 in the PAT group showed non-significant expression changes versus the control
group, conflicting with the trends shown in Figure 6C,D.

Figure 5. Individual and combined effects of DON and PAT on liver oxidative stress in mice (n = 3).
Note: (A–D) represent the mRNA abundances of Nrf2, Keap1, HO-1, and NQO1 in mouse liver,
respectively. Identical lowercase superscript letters (e.g., a, b, c) indicate no significant differences
among treatment groups (p > 0.05); different lowercase superscript letters indicate significant differ-
ences (p < 0.05).
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Figure 6. Individual and combined effects of DON and PAT treatments on liver gene transcription
levels in mice (n = 6). (A) PCA plots of samples in all groups. (B) Statistical charts of DEGs between
two groups. (C–E) Volcano plots of upregulated and downregulated DEGs in the DON, PAT, and DP
groups vs. the CON group. (F–H) The mRNA abundance of the most significantly upregulated and
downregulated differentially expressed genes (DEGs) in the DON, PAT, and DP groups relative to
the CON group, respectively.

DEG sets with a 2-fold change were separately established for DON vs. CON, PAT
vs. CON, and DP vs. CON comparisons, and GO enrichment analysis was subsequently
performed (Figure 7A). The results revealed that the DEG sets in the three groups were most
significantly enriched in biological processes including response to chemical substance,
response to stimulus, and the negative regulation of cellular process. The highest DEG en-
richment was observed in the DP vs. CON comparison, indicating that combined treatment
with DON and PAT triggered alterations in the expression of more genes. Subsequently,
KEGG enrichment analysis was conducted on the three DEG sets. The results demonstrated
that these DEGs were mainly enriched in the MAPK signaling pathway, JAK-STAT signal-
ing pathway, TGF-β signaling pathway, AMPK signaling pathway, cGMP-PKG signaling
pathway, and other pathways (Figure 7B). Furthermore, DEGs enriched in the MAPK,
JAK-STAT, and TGF-β signaling pathways in the DP vs. CON comparison were analyzed
(Figure 7C–F). In summary, combined exposure to DON and PAT may trigger activation of
the MAPK, JAK-STAT, and TGF-β signaling pathways.
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Figure 7. GO enrichment and KEGG pathway analysis of hepatic gene transcription in mice upon
individual and combined exposure to DON and PAT. (n = 6). (A) GO enrichment analysis plots of
DEGs in DON, PAT and DP groups vs. the CON group. (B) KEGG enrichment analysis plots of DEGs
in the DON, PAT and DP groups vs. the CON group. (C) Normalized gene set enrichment analysis
(GSEA) plots. (D–F) Enrichment analysis plots of genes upregulated in the MAPK, JAK-STAT and
TGF-β signaling pathways in the DP group.

3. Discussion
Mycotoxins are recognized as contaminants that impose detrimental impacts on the

health of humans and animals. Previous studies revealed both DON and PAT as foodborne
intestinal toxins [25]. Intestinal villi and intestinal tight junctions were destroyed by DON
and PAT exposure; mucus secretions and inflammatory responses were reduced, oxidative
stress was reduced, and gut microbiota was disturbed. In addition, metabolic imbalance
was triggered, and the digestion and absorption of nutrients were impaired, which finally
resulted in retarded body weight gain in animals [26–32]. In the present study, body weight
gain in mice was suppressed by treatment with DON and PAT alone or their combination,
and a stronger inhibitory effect was detected in the combined treatment group. Thus, the
negative effects of DON and PAT on animal growth were further verified. Under physio-
logical homeostasis, the hepatic organ index of mice remains stable, and alterations in the
hepatic organ index can serve as an intuitive macroscopic biomarker to comprehensively
evaluate the severity of hepatic lesions [33]. DON induces mitochondrial vacuolization and
endoplasmic reticulum stress, thereby triggering ultrastructural damage in hepatocytes;
meanwhile, DON activates ferroptosis, oxidative stress and inflammatory responses, re-
sulting in lipid metabolism disorders, inflammatory cellular infiltration, nuclear rupture,
and karyolysis, ultimately inducing hepatomegaly and increasing the hepatic organ in-
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dex [34–38]. PAT also activates oxidative stress, pyroptosis, and inflammatory responses in
hepatocytes, inducing hepatic inflammatory infiltration, karyolysis, and hepatocyte injury,
accompanied by decreased hepatic organ index and metabolic dysfunction [17,23,39]. In
the present study, single DON exposure elevated the hepatic organ index and induced
hepatomegaly and injury in mice, while single PAT exposure reduced the hepatic organ
index and triggered hepatic atrophy and damage. Combined exposure to DON and PAT
exerted mutual antagonism, restoring the hepatic organ index to the level of the normal
control group. The aforementioned histomorphological lesions were observed in the livers
of mice subjected to individual DON or PAT treatment, and microscopic injuries including
inflammatory infiltration, karyolysis, and organelle vacuolization were still detectable in
the combined DON and PAT treatment group. These findings demonstrate that the two
toxins exert an antagonistic effect at the macroscopic level of hepatic injury, while toxic
interactions at the microscopic molecular level cannot be excluded.

Numerous unique macrophage populations were detected in the liver. These cells
were involved in the recognition and clearance of pathogens and toxic substances, and
pro-inflammatory and anti-inflammatory cytokines were secreted to regulate inflammatory
responses [40]. TLR4/MyD88/NF-κB signaling pathway is recognized as a canonical
pathway regulating inflammatory responses. Exogenous danger signals are recognized by
the TLR4 receptor, and MyD88 is subsequently recruited intracellularly. A series of kinase
reactions (including IRAK, TRAF6, TAK1, and others) is initiated, and signal transduction
complexes are formed. The IKK complex is eventually activated, and the IκBα protein
is degraded. After degradation, NF-κB is released and translocated into the nucleus, the
transcription of relevant genes is initiated, pro-inflammatory cytokines (e.g., TNF-α, IL-6,
IL-1β) are produced, and inflammatory responses are thereby triggered [41]. In the present
study, the mRNA levels of TLR4, IκBα, IL-1β, and STAT3 were significantly elevated in
the DON group, while no significant changes were observed in the expression of MyD88,
IL-6, and other related genes. In contrast, the level of TNF-α mRNA was remarkably
downregulated. The results indicate that hepatic inflammation induced by DON is mainly
mediated through the TLR4/IκBα/STAT3 pathway, rather than the complete MyD88-
dependent pathway. TLR4-mediated inflammatory responses in intestinal and hepatic
tissues were reported to be activated by DON [42,43]. The downregulation of TNF-α
observed in this study was suggested to be associated with tissue-specific regulation
induced by DON or compensatory feedback inhibition caused by the excessive activation
of other inflammatory mediators. The mRNA levels of MyD88, IκBα, IL-1β, IL-6, and
TNF-α were significantly elevated in the PAT group, whereas no significant alterations
were found in the expressions of TLR4 and other related genes. It was demonstrated that
hepatic inflammation induced by PAT was dependent on the MyD88/NF-κB pathway, and
the upregulation of TLR4 was not involved in this process. These results are consistent
with previous reports that inflammatory responses in multiple cell types were induced by
PAT by activating the NF-κB signaling pathway [30,31]. The nuclear translocation of NF-κB
might be promoted by PAT through specific binding with MyD88, inducing the expression
of pro-inflammatory factors. Notably, seven inflammation-related genes (including TLR4,
MyD88, IL-1β, and others) were significantly upregulated in the DP group, and IκBα and
STAT3 mRNA levels were not significantly changed. The activation effects on hepatic
inflammatory pathways were achieved by combined treatment with DON and PAT. The
upregulation amplitudes of MyD88, IFN-γ, and JAK2 in the DP group were significantly
higher than those in the single-treatment groups. These results indicate that the interplay
between TLR4 and MyD88-dependent pathways drives the sustained activation of hepatic
inflammatory pathways and the amplification of inflammatory cascades, corroborating
previous reports of their co-regulation in inflammatory responses [44].
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Cellular apoptosis is regulated by the Bcl-2 family and the caspase pathway, and the
Bax/Bcl-2 ratio and Caspase-3 are key molecules involved in apoptosis [45]. In the present
study, the mRNA levels of Bax and Caspase-3 and the Bax/Bcl-2 ratio were significantly up-
regulated in the DON group, while the mRNA level of Bcl-2 was markedly downregulated.
The severity of hepatocyte apoptosis was significantly higher in the DON group than that in
the PAT alone and combined treatment groups. These results are consistent with a previous
study that the mitochondrial apoptotic pathway in hepatocytes was triggered by DON
by the upregulation of Bax and downregulation of Bcl-2 [46]. The significant activation
of Caspase-3 was detected, which further confirmed that apoptosis induced by DON was
dependent on the canonical caspase cascade. In the PAT group, only the expression of
Bcl-2 was downregulated, and the Bax/Bcl-2 ratio was elevated, whereas no significant
changes were observed in the expressions of Bax and Caspase-3. These findings indicate
that the cell apoptosis induced by PAT was mild and was mediated by an imbalance in the
Bcl-2 family. The changes in apoptosis-related indices were weaker in the DP group than
those in the DON group. Such results are speculated to be related to the antagonistic effect
of PAT on the activation of Caspase-3 or inflammation-mediated anti-apoptotic feedback.
The interactive regulation among toxins was reported in the previous study focused on
combined exposure to multiple toxicants [47].

The Nrf2-Keap1 pathway is recognized as the core antioxidant defense pathway in or-
ganisms, and the expression of downstream antioxidant genes including HO-1 and NQO1
is regulated by Nrf2 [48]. Nrf2 expression was decreased after DON treatment, while
HO-1 and NQO1 expressions were significantly increased in this study. These observations
suggested that compensatory antioxidant responses were activated in hepatocytes, and a
stress threshold effect of Nrf2 was confirmed [49,50]. The Nrf2-Keap1 pathway was directly
suppressed by PAT, and the antioxidant capacity of the body was impaired. The upregula-
tion of HO-1 is regarded as an acute stress response. Thus, our results indicate that different
mechanisms were utilized by DON and PAT to induce oxidative stress. The expression
of Nrf2 and its downstream antioxidant genes was comprehensively downregulated after
combined treatment, and hepatic oxidative stress was further aggravated. These results are
consistent with the synergistic oxidative damage caused by combined exposure to multiple
mycotoxins [51].

Partial separation was only observed in the PAT group in transcriptomic PCA, while
prominent overlap existed among the CON, DON, and DP groups. These results suggested
that DON and PAT single or combined treatments exerted differentiated effects on hep-
atic gene expression profiles in mice. According to the DEG statistical results, the most
upregulated DEGs (79) were detected in the PAT group compared with the control group,
while a greater number of downregulated DEGs (48) was identified in the DP group than
in the DON or PAT group. Moreover, a unique expression pattern of DEGs was observed
between the DP group and the DON or PAT group, suggesting that toxic effects were
amplified by combined treatment through novel gene regulatory networks. Hepatic Chka,
Hamp2, Apoa4, and Rsrp1 participate in the modulation of metabolism, inflammation, and
oxidative stress [52–55]. Transcriptome analysis and RT-qPCR validation further prove that
DON, PAT, and DP co-exposure induce differentiated liver toxicity. Hepatic dysfunction
was further aggravated by the abnormal expression of these genes. GO enrichment anal-
ysis showed that DEGs in all three treatment groups were highly enriched in biological
processes including response to chemical substance, response to stimulus, and negative
regulation of cellular processes. The highest enrichment intensity was observed in the
DP group, which was consistent with the synergistic toxicity phenotype induced by the
combined treatment. The results indicate that broader cellular stress response mechanisms
were activated by combined exposure. Kyoto Encyclopedia of Genes and Genomes (KEGG)
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enrichment analysis further confirmed that the identified DEGs were mainly distributed
in the MAPK, JAK-STAT, and TGF-β signaling pathways. The largest number of DEGs
was enriched in the MAPK signaling pathway, suggesting that this pathway is the central
regulatory hub for combined toxicity. The MAPK signaling pathway was recognized as a
critical pathway mediating cellular stress, inflammation, and apoptosis. The expressions
of pro-inflammatory cytokines (IL-1β and IL-6) and apoptosis-related genes (Bax and
Caspase-3) were regulated by MAPK signaling pathway activation via the phosphorylation
of downstream transcription factors [56], which is highly consistent with the phenotypes
of enhanced inflammation and activated apoptosis in the combined treatment group. The
enrichment of the JAK-STAT signaling pathway verified the previous molecular findings
that hepatic inflammation induced by combined treatment of DON and PAT was mediated
by this pathway. A previous study reported that the release of inflammatory cytokines was
enhanced and hepatic injury was aggravated by mycotoxins by activating the JAK-STAT
signaling pathway [57]. The activation of the TGF-β signaling pathway suggests that long-
term toxic effects, including hepatic fibrosis, were involved in the combined treatment [58].
Hepatic injury was further amplified by crosstalk among the TGF-β, MAPK, and JAK-STAT
signaling pathways.

4. Conclusions
Exposure to DON or PAT alone suppressed growth in mice and elicited hepatic

pathological damage, inflammation, apoptosis of hepatocytes, and oxidative stress; DON
proved more potent than PAT in inducing hepatocyte apoptosis. In contrast, combined
exposure to the two mycotoxins perturbed the hepatic transcriptome, triggered a cascade
of signaling pathways centered on MAPK, and exacerbated liver injury.

5. Materials and Methods
5.1. Experimental Materials and Animal Treatment

Twenty-four specific pathogen-free male C57BL/6 mice at about 6 weeks of age were
purchased from Henan Chunying Biotechnology Co., Ltd. (Zhengzhou, China). They
were randomly assigned to 4 groups, with 6 replicates in each group (1 mouse per cage
with dimensions of 320 × 21 × 170 mm). The mice were intragastrically administered
with DON, PAT, DON + PAT (DP), or without DON and PAT (the control group, CON)
for 28 days, respectively. The mice were maintained in an environment at 25 ± 2 ◦C and
65–70% humidity with 12 h light and 12 h darkness. The mice were allowed to acclimatize
for 7 days; food and water were given ad libitum.

DON (HY-N6684, purity ≥ 99.8%) and PAT (B24209, purity ≥ 99%) were purchased
from MedChemExpress (South Brunswick, NJ, USA) and Shanghai Yuanye Bio-Technology
Co., Ltd. (Shanghai, China), respectively. The mice in the CON group received intragastric
administration of normal saline. Mice in the DON, PAT, and DP groups were intragastrically
treated daily with DON (1.5 mg/kg BW), PAT (2.0 mg/kg BW), and the combination of
DON (1.5 mg/kg BW) plus PAT (2.0 mg/kg BW), respectively. The selected mycotoxin
doses were established according to prior reports [16,17,19,36,59] and findings from our
preliminary trials. All intragastric administrations were performed at a volume of 0.2 mL
per mouse per day. After 28 consecutive days of administration, the mice were fasted, and
their live body weights were recorded as W0. Subsequently, the mice were euthanized,
and liver tissues were excised and weighed as W1. The hepatic index was calculated
according to the formula: Hepatic index = (W1/W0) × 100%. Liver samples were then
divided into two aliquots. One part was immediately fixed in 4% paraformaldehyde for
histopathological evaluation, and another part was placed in liquid nitrogen for subsequent
analyses of quantitative real-time polymerase chain reaction (PCR) and RNA-sequencing
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(RNA-seq). All the animal experiments have been approved by the Ethics Committee of
Henan Agricultural University (Approval No.: HNND2025082508), which were conducted
strictly following the relevant guidelines.

5.2. Histopathological Examination

Liver tissues fixed in formalin solution underwent standard processing including
dehydration, embedding, sectioning, dewaxing, staining, and mounting. Whole-slide
digital images were acquired using a digital slide scanner (KF-PRO-400, KF Bio, Seoul,
Republic of Korea). Four-µm-thick paraffin-embedded tissue sections were dewaxed in
xylene I and II for 5–10 min, respectively, followed by rehydration in a graded ethanol
series (100%, 95%, 90%, 80%, and 70% ethanol) for 1–2 min per step, with a final rinse in
distilled water. Thereafter, antigen retrieval was performed by immersing the sections in
0.01 M sodium citrate buffer (pH = 6.0) to unmask antigenic epitopes. After cooling to
room temperature, primary antibody working solutions (antibodies against GAPDH, IL-6,
and TNF-α were obtained from MedChemExpress) diluted to 1:200 were added to cover
the tissue sections uniformly, followed by incubation in a constant-temperature incubator
at 37 ◦C for 60 min. Subsequently, the sections were washed with phosphate-buffered
saline (PBS) three times (5 min per time) to eliminate unbound primary antibodies. The
corresponding horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies
(purchased from MedChemExpress) were then applied, and incubation was continued at
37 ◦C for 30 min to amplify the staining signal. The 3,3′-diaminobenzidine chromogenic
kit was utilized for color development, and the reaction was stopped once distinct brown
specific staining was visualized. The sections were counterstained with hematoxylin for
5–10 min to label cell nuclei, and finally subjected to routine dehydration, clearing, and
mounting with neutral balsam.

5.3. qRT-PCR Assay

A qRT-PCR assay was performed as previously described [60] and detailed in the
Supplementary Materials. All primers used for gene amplification were obtained from
Sangon Biotech Co., Ltd. (Shanghai, China), and their sequences were presented in
Supplementary Table S1. The relative mRNA expression levels of target genes were quanti-
fied via the classic 2−∆∆Ct calculation method. GAPDH was selected as the housekeeping
reference gene for internal normalization. Each biological sample was set with three
independent technical replicates during PCR amplification.

5.4. RNA-Sequencing Analysis

Total RNA was extracted from mouse liver, and then its quantity, purity, and integrity
were determined. Subsequently, RNA was randomly interrupted, reverse transcribed into
cDNA, and sequenced on an Illumina NovaSeq X Plus (Shanghai Majorbio Co., Ltd., Beijing,
China). The expression levels of genes were calculated using the fragments per kilobase
of transcripts per million fragments mapped (TPM) method. Differentially expressed
genes (DEGs) were judged using the DESeq method, with an absolute value of |log2(fold
change)| > 1 and adjusted p-value < 0.05. Then, Gene Ontology (GO, http://geneontology.
org/ (accessed on 26 June 2026)), Kyoto Encyclopedia of Genes and Genomes (KEGG, http:
//www.genome.jp/kegg/ (accessed on 26 June 2026)), and Gene Set Enrichment Analysis
(GSEA, https://www.gsea-msigdb.org/ (accessed on 26 June 2026)) were performed for
functional annotation, pathway enrichment analysis, and gene enrichment analysis of
the DEGs. Enrichment analysis was conducted using clusterProfiler, and significantly
enriched biological processes and pathways (p < 0.05) were screened to reveal the biological
processes, molecular functions, and signaling pathways associated with the DEGs.
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5.5. Statistical Analysis

Normality of continuous variables was assessed via the Shapiro-Wilk test, and homo-
geneity of variances among groups was verified by Bartlett’s test. All datasets satisfied both
normality and homoscedasticity assumptions; accordingly, one-way analysis of variance
(ANOVA) was performed for overall intergroup comparisons, followed by Tukey’s test for
pairwise comparisons. Statistical significance was set at p < 0.05. All graphs were plotted
using GraphPad Prism 10 (GraphPad Software, Boston, MA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins18080355/s1, Table S1: Primer sequence information.

Author Contributions: Q.Z.: writing—original draft preparation, methodology, investigation, formal
analysis, and data curation. Z.X.: methodology, validation, and formal analysis. X.D.: data curation.
X.Z. data curation and formal analysis. M.L. resources, software and visualization. J.C. Conceptu-
alization and supervision. Q.Y. Conceptualization, project administration, and funding acquisition.
G.Y. Conceptualization and supervision. C.L. Conceptualization, writing—review and editing, and
project administration. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by Henan Key Research and Development Project (No.
241111113700) and Henan “Vice-Chief Scientist” Program (No. HNFZ20240320).

Institutional Review Board Statement: The animal research protocol was approved by the Ethics
Committee of Henan Agricultural University (Approval No.: HNND2025082508, on 11 March 2024),
which was performed in strict compliance with the Administrative Measures for Laboratory Animals
of Henan Province (Henan Provincial Science and Technology Commission, 1992).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in NCBI at
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1460996 (accessed on 18 August 2026), reference
number PRJNA1460996.

Conflicts of Interest: Maolong Li was employed by Henan Delin Biological Product Co., Ltd. The
authors declare no conflicts of interest.

References
1. Khan, R.; Anwar, F.; Ghazali, F.M. A comprehensive review of mycotoxins: Toxicology, detection, and effective mitigation

approaches. Heliyon 2024, 10, e28361. [CrossRef] [PubMed]
2. Kabak, B.; Dobson, A.D.W.; Var, I. Strategies to prevent mycotoxin contamination of food and animal feed: A review. Crit. Rev.

Food Sci. Nutr. 2006, 46, 593–619. [CrossRef] [PubMed]
3. Yao, C.Y.; Ye, M.Y.; Wang, C.; Zou, L.; Zhang, X.M.; Chai, X.; Yu, H.J.; Zhang, C.Y.; Wang, Y.F. Mycotoxin contamination:

Occurrence, biotransformation, pathogenic mechanisms, and strategies for nutritional intervention. Molecules 2025, 30, 3860.
[CrossRef] [PubMed]

4. Cai, Y.T.; McLaughlin, M.; Zhang, K. Advancing the FDA/Office of Regulatory Affairs Mycotoxin Program: New Analytical
Method Approaches to Addressing Needs and Challenges. J. AOAC Int. 2020, 103, 705–709. [CrossRef] [PubMed]

5. Gruber-Dorninger, C.; Jenkins, T.; Schatzmayr, G. Global Mycotoxin Occurrence in Feed: A Ten-Year Survey. Toxins 2019, 11, 375.
[CrossRef] [PubMed]

6. Sanajou, S.; Girgin, G.; Sahin, G.; Baydar, T. Verification of HPLC method to detect patulin levels and evaluation of exposure
risk of patulin in apple-based products. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 2025, 42, 1402–1413.
[CrossRef] [PubMed]

7. Pan, H.J.; Liu, R.J.; Liu, D.J.; Ma, L.K.; Wang, Q.; Xiao, G.S.; Wang, F. Comparative aptamer screening for patulin and the
development of sensitive colorimetric assay for fruit juice analysis. Microchim. Acta. 2025, 192, 726. [CrossRef] [PubMed]

8. Diao, E.; Ma, K.; Zhang, H.; Xie, P.; Qian, S.Q.; Song, H.W.; Mao, R.; Zhang, L. Thermal Stability and Degradation Kinetics of
Patulin in Highly Acidic Conditions: Impact of Cysteine. Toxins 2021, 13, 662. [CrossRef] [PubMed]

9. Awuchi, C.G.; Ondari, E.N.; Nwozo, S.; Odongo, G.A.; Eseoghene, I.J.; Twinomuhwezi, H.; Ogbonna, C.U.; Upadhyay, A.K.;
Adeleye, A.O.; Okpala, C.O.R. Mycotoxins’ Toxicological Mechanisms Involving Humans, Livestock and Their Associated Health
Concerns: A Review. Toxins 2022, 14, 167. [CrossRef] [PubMed]

https://doi.org/10.3390/toxins18080355

https://www.mdpi.com/article/10.3390/toxins18080355/s1
https://www.mdpi.com/article/10.3390/toxins18080355/s1
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1460996
https://doi.org/10.1016/j.heliyon.2024.e28361
https://www.ncbi.nlm.nih.gov/pubmed/38628751
https://doi.org/10.1080/10408390500436185
https://www.ncbi.nlm.nih.gov/pubmed/17092826
https://doi.org/10.3390/molecules30193860
https://www.ncbi.nlm.nih.gov/pubmed/41097282
https://doi.org/10.1093/jaocint/qsz007
https://www.ncbi.nlm.nih.gov/pubmed/33241365
https://doi.org/10.3390/toxins11070375
https://www.ncbi.nlm.nih.gov/pubmed/31252650
https://doi.org/10.1080/19440049.2025.2560553
https://www.ncbi.nlm.nih.gov/pubmed/40965339
https://doi.org/10.1007/s00604-025-07591-2
https://www.ncbi.nlm.nih.gov/pubmed/41075003
https://doi.org/10.3390/toxins13090662
https://www.ncbi.nlm.nih.gov/pubmed/34564666
https://doi.org/10.3390/toxins14030167
https://www.ncbi.nlm.nih.gov/pubmed/35324664
https://doi.org/10.3390/toxins18080355


Toxins 2026, 18, 355 15 of 17

10. European Commission. Commission Regulation (EU) NO 2023/915 of 2 June 2023 setting maximum levels for certain contami-
nants in foodstuffs. Off. J. Eur. Union 2023, 126, 1–128. Available online: https://eur-lex.europa.eu/eli/reg/2023/915/oj/eng
(accessed on 7 May 2026).

11. European Commission. Commission Regulation (EU) 2024/1022 of 8 April 2024 amending Regulation (EU) 2023/915 as regards
maximum levels of deoxynivalenol in food. Off. J. Eur. Union 2024, 115, 1–5. Available online: https://eur-lex.europa.eu/eli/reg/
2024/1022/oj/eng (accessed on 7 May 2026).

12. Hoteit, M.; Abbass, Z.; Daou, R.; Tzenios, N.; Chmeis, L.; Haddad, J.; Chahine, M.; Al Manasfi, E.; Chahine, A.; Poh, O.B.J.; et al.
Dietary Exposure and Risk Assessment of Multi-Mycotoxins (AFB1, AFM1, OTA, OTB, DON, T-2 and HT-2) in the Lebanese
Food Basket Consumed by Adults: Findings from the Updated Lebanese National Consumption Survey through a Total Diet
Study Approach. Toxins 2024, 16, 158. [CrossRef] [PubMed]

13. Marin, S.; Ramos, A.J.; Cano-Sancho, G.; Sanchis, V. Mycotoxins: Occurrence, toxicology, and exposure assessment. Food Chem.
Toxicol. 2013, 60, 218–237. [CrossRef] [PubMed]

14. Zhao, W.S.; Yang, Q.R.; Song, Y.Q.; Sun, Y.H. The combined exposure to AFB1 and DON induces the ferroptosis of porcine
intestinal epithelial cells via down-regulating PI3K-AKT signal pathway. Toxicology 2026, 520, 154343. [CrossRef] [PubMed]

15. Lázaro, A.; Frangiamone, M.; de las Heras, M.; Ruiz, M.J. Mycotoxins, gut microbiota alterations and liver disease in animals: A
scoping review. Cell Biol. Toxicol. 2026, 42, 39. [CrossRef] [PubMed]

16. Huang, X.Y.; Xu, B.; Lei, Y.; Qin, H.; Zheng, J.; Xu, Y.; Zhao, D.; Su, J.; Li, J.Y.; Zhao, J.Y. Bacillus velezensis mitigates deoxynivalenol-
induced intestinal inflammation and liver injury via modulating the gut microbiota. npj Sci. Food 2026, 10, 57. [CrossRef]
[PubMed]

17. Zhang, T.; Yan, M.; Hou, X.H.; Chang, M.; Song, W.; Yue, T.L. Identification of mouse metabolic variations related to patulin-
induced acute and subacute hepatotoxicity by ultra-high-performance liquid chromatography high-resolution mass spectrometry.
Food Res. Int. 2023, 166, 112546. [CrossRef] [PubMed]

18. Pfeiffer, E.; Diwald, T.T.; Metzler, M. Patulin reduces glutathione level and enzyme activities in rat liver slices. Mol. Nutr. Food Res.
2005, 49, 329–336. [CrossRef] [PubMed]

19. Qiu, Y.; Chen, X.L.; Chen, Z.X.; Zeng, X.J.; Yue, T.L.; Yuan, Y.H. Effects of selenium nanoparticles on preventing patulin-induced
liver, kidney and gastrointestinal damage. Foods 2022, 11, 749. [CrossRef] [PubMed]

20. Zhong, H.P.; Huang, Z.Y.; Li, L.; Chen, X.P.; Zou, T.D.; Chen, J.; You, J.M. Selenomethionine supplementation mitigates liver
dysfunction, oxidative injury and apoptosis through enhancing antioxidant capacity and inhibiting JNK MAPK pathway in
piglets fed deoxynivalenol-contaminated diets. Antioxidants 2024, 13, 295. [CrossRef] [PubMed]

21. Boussabbeh, M.; Ben Salem, I.; Belguesmi, F.; Neffati, F.; Najjar, M.F.; Abid-Essefi, S.; Bacha, H. Crocin protects the liver and
kidney from patulin-induced apoptosis in vivo. Environ. Sci. Pollut. Res. Int. 2016, 23, 9799–9808. [CrossRef] [PubMed]

22. Xu, Q.L.; Gong, H.Q.; Zhou, M.H.; Guo, J.J.; Chen, S.K.; Xiao, K.; Liu, Y.L. Necroptosis contributes to deoxynivalenol-induced
liver injury and inflammation in weaned piglets. J. Anim. Sci. Biotechnol. 2024, 15, 160. [CrossRef] [PubMed]

23. Zhang, T.; Chang, M.; Hou, X.H.; Yan, M.; Zhang, S.R.; Song, W.; Sheng, Q.L.; Yuan, Y.H.; Yue, T. Apple polyphenols prevent
patulin-induced intestinal damage by modulating the gut microbiota and metabolism of the gut-liver axis. Food Chem. 2025, 463,
141049. [CrossRef] [PubMed]

24. Fernandez-Blanco, C.; Elmo, L.; Waldner, T.; Ruiz, M.J. Cytotoxic effects induced by patulin, deoxynivalenol and toxin T2
individually and in combination in hepatic cells (HepG2). Food Chem. Toxicol. 2018, 120, 12–23. [CrossRef] [PubMed]

25. Wei, C.Z.; Yu, L.L.; Qiao, N.Z.; Zhao, J.X.; Zhang, H.; Zhai, Q.X.; Tian, F.W.; Chen, W. Progress in the distribution, toxicity, control,
and detoxification of patulin: A review. Toxicon 2020, 184, 83–93. [CrossRef] [PubMed]

26. Li, E.; Horn, N.; Ajuwon, K.M. 4-Methylcatechol prevents deoxynivalenol-induced claudin-4 internalization and restores barrier
integrity via Nrf2 activation. Toxicon 2026, 276, 109068. [CrossRef] [PubMed]

27. Lin, Y.K.; Wang, R.B.; Yao, J.; Zhao, H.Q.; Yu, Z.H.; Wen, B.; Jia, Y.Y.; Liao, C.S.; Guo, R.X.; Wang, L.; et al. Lactobacillus rhamnosus
MY-1 alleviates deoxynivalenol-induced oxidative stress, inflammation, and gut microbiota dysbiosis both in vivo and in vitro.
Front. Microbiol. 2026, 17, 1750402. [CrossRef] [PubMed]

28. Hassan, M.; Jiang, S.; Ali, Q.; Xu, S.; Hanif, S.; Shaukat, A.; Ahmed, M.; Fu, A.; Wang, Y. Deoxynivalenol and poultry intestinal
health: Mechanisms, current mitigation options, and future-ready feed safety strategies. Poult. Sci. 2026, 105, 106194. [CrossRef]
[PubMed]

29. Zhang, T.; Yan, M.; Chang, M.; Hou, X.H.; Wang, F.R.; Song, W.; Wang, Y.; Feng, K.W.; Yuan, Y.H.; Yue, T.L. Integrated
transcriptomics and metabolomics reveal the mechanism of intestinal damage upon acute patulin exposure in mice. Ecotoxicol.
Environ. Saf. 2024, 276, 116270. [CrossRef] [PubMed]

30. Chen, H.; Du, G.A.; Yan, X.H.; Ye, H.F.; Guo, Q.; Wang, Z.L.; Yuan, Y.H.; Yue, T.L. Selenium-enriched Pediococcus acidilactici
MRS-7 alleviates patulin-induced jejunum injuries in mice and its possible mechanisms. J. Agric. Food Chem. 2022, 70, 4755–4764.
[CrossRef] [PubMed]

https://doi.org/10.3390/toxins18080355

https://eur-lex.europa.eu/eli/reg/2023/915/oj/eng
https://eur-lex.europa.eu/eli/reg/2024/1022/oj/eng
https://eur-lex.europa.eu/eli/reg/2024/1022/oj/eng
https://doi.org/10.3390/toxins16030158
https://www.ncbi.nlm.nih.gov/pubmed/38535824
https://doi.org/10.1016/j.fct.2013.07.047
https://www.ncbi.nlm.nih.gov/pubmed/23907020
https://doi.org/10.1016/j.tox.2025.154343
https://www.ncbi.nlm.nih.gov/pubmed/41265777
https://doi.org/10.1007/s10565-026-10156-5
https://www.ncbi.nlm.nih.gov/pubmed/41663763
https://doi.org/10.1038/s41538-026-00707-9
https://www.ncbi.nlm.nih.gov/pubmed/41530203
https://doi.org/10.1016/j.foodres.2023.112546
https://www.ncbi.nlm.nih.gov/pubmed/36914310
https://doi.org/10.1002/mnfr.200400089
https://www.ncbi.nlm.nih.gov/pubmed/15744717
https://doi.org/10.3390/foods11050749
https://www.ncbi.nlm.nih.gov/pubmed/35267382
https://doi.org/10.3390/antiox13030295
https://www.ncbi.nlm.nih.gov/pubmed/38539829
https://doi.org/10.1007/s11356-016-6195-2
https://www.ncbi.nlm.nih.gov/pubmed/26856859
https://doi.org/10.1186/s40104-024-01117-1
https://www.ncbi.nlm.nih.gov/pubmed/39623511
https://doi.org/10.1016/j.foodchem.2024.141049
https://www.ncbi.nlm.nih.gov/pubmed/39260178
https://doi.org/10.1016/j.fct.2018.06.019
https://www.ncbi.nlm.nih.gov/pubmed/29906473
https://doi.org/10.1016/j.toxicon.2020.05.006
https://www.ncbi.nlm.nih.gov/pubmed/32502554
https://doi.org/10.1016/j.toxicon.2026.109068
https://www.ncbi.nlm.nih.gov/pubmed/41833739
https://doi.org/10.3389/fmicb.2026.1750402
https://www.ncbi.nlm.nih.gov/pubmed/41777545
https://doi.org/10.1016/j.psj.2025.106194
https://www.ncbi.nlm.nih.gov/pubmed/41422706
https://doi.org/10.1016/j.ecoenv.2024.116270
https://www.ncbi.nlm.nih.gov/pubmed/38574645
https://doi.org/10.1021/acs.jafc.2c00949
https://www.ncbi.nlm.nih.gov/pubmed/35394776
https://doi.org/10.3390/toxins18080355


Toxins 2026, 18, 355 16 of 17

31. Ning, M.G.; Guo, P.; Cui, Y.Y.; Du, G.A.; Wang, K.; Wang, Z.L.; Yuan, Y.H.; Yue, T.L. Preparation of selenium in Kluyveromyces
marxianus YG-4 and its protective effects in mice with patulin-induced jejunal injury. Food Biosci. 2025, 65, 106033. [CrossRef]

32. Wang, F.R.; Wang, X.; Xiao, Y.L.; Liu, R.X.; Li, X.B.; Hu, J.P.; Song, W.; Feng, K.W.; Yuan, Y.H.; Yue, T.L. Selenium-enriched KU2
ameliorates patulin-induced intestinal injury in mice by mediating the gut microbiota and selenoprotein P synthesis. J. Hazard.
Mater. 2025, 492, 138129. [CrossRef] [PubMed]

33. Khrustova, N.V.; Shishkina, L.N. Effects of lipid physicochemical characteristics on interrelations between lipid composition and
the mouse liver index. J. Evol. Biochem. Physiol. 2011, 47, 37–42. [CrossRef]

34. Jiang, H.; Yang, J.; Wang, X.; Zhu, L. Interaction of deoxynivalenol and copper: Cellular and molecular insights in mouse liver
cells. Food Chem. Toxicol. 2026, 208, 115892. [CrossRef] [PubMed]

35. Guo, H.; Wan, H.; Lou, W.; Khan, R.U.; You, J.; Huang, B.; Hao, S.; Li, G.; Dai, S. Deoxynivalenol and T-2 toxin cause liver damage
and egg quality degradation through endoplasmic reticulum stress in summer laying hens. Int. J. Biometeorol. 2024, 68, 1387–1396.
[CrossRef] [PubMed]

36. Fan, S.; Lin, L.; Li, P.; Tian, H.; Shen, J.; Zhou, L.; Zhao, Q.; Zhang, J.; Qin, Y.; Tang, C. Selenomethionine protects the liver
from dietary deoxynivalenol exposure via Nrf2/PPARgamma-GPX4-ferroptosis pathway in mice. Toxicology 2024, 501, 153689.
[CrossRef] [PubMed]

37. Yu, W.; Zhang, B.; Yang, M.; Li, Y.; Cao, Z. Deoxynivalenol induces liver injury by inhibiting the p62-Keap1-Nrf2 signaling
pathway via overactivation of PINK1/Parkin-mediated mitophagy. J. Hazard. Mater. 2025, 500, 140486. [CrossRef] [PubMed]

38. Ji, X.; Tang, Z.; Zhang, F.; Zhou, F.; Wu, Y.; Wu, D. Dietary taurine supplementation counteracts deoxynivalenol-induced liver
injury via alleviating oxidative stress, mitochondrial dysfunction, apoptosis, and inflammation in piglets. Ecotoxicol. Environ. Saf.
2023, 253, 114705. [CrossRef] [PubMed]

39. Chu, Q.; Wang, S.; Jiang, L.; Jiao, Y.; Sun, X.; Li, J.; Yang, L.; Hou, Y.; Wang, N.; Yao, X.; et al. Patulin induces pyroptosis through
the autophagic-inflammasomal pathway in liver. Food Chem. Toxicol. 2021, 147, 111867. [CrossRef] [PubMed]

40. Nakashima, H.; Kearney, B.M.; Kato, A.; Miyazaki, H.; Ito, S.; Nakashima, M.; Kinoshita, M. Novel phenotypical and functional
sub-classification of liver macrophages highlights changes in population dynamics in experimental mouse models. Cytom. A
2023, 103, 902–914. [CrossRef] [PubMed]

41. Tang, Y.L.; Zhu, L.; Tao, Y.; Lu, W.; Cheng, H. Role of targeting TLR4 signaling axis in liver-related diseases. Pathol. Res. Pract.
2023, 244, 154410. [CrossRef] [PubMed]

42. Zhao, G.; Chen, M.X.; Zhang, H.J.; Zhu, P.Z.; Yang, W.M.; Liao, Q.; He, J.H.; Xiao, C.Q.; Li, X.G. A novel rapeseed-derived peptide
FHLY alleviates deoxynivalenol-induced enterotoxicity by inhibiting the TLR4/NF-κB/NLRP3 pathway. J. Funct. Foods. 2025,
135, 107084. [CrossRef]

43. Bai, Y.S.; Ma, K.D.; Li, J.B.; Li, J.P.; Bi, C.P.; Shan, A.S. Deoxynivalenol exposure induces liver damage in mice: Inflammation and
immune responses, oxidative stress, and protective effects of Lactobacillus rhamnosus GG. Food Chem. Toxicol. 2021, 156, 112514.
[CrossRef] [PubMed]

44. Schonblum, A.; Naser, D.A.; Ovadia, S.; Egbaria, M.; Puyesky, S.; Epshtein, A.; Wald, T.; Mercado-Medrez, S.; Ashery-Padan, R.;
Landsman, L. Beneficial islet inflammation in health depends on pericytic TLR/MyD88 signaling. J. Clin. Investig. 2024, 134,
e179335. [CrossRef] [PubMed]

45. Edlich, F. BCL-2 proteins and apoptosis: Recent insights and unknowns. Biochem. Biophys. Res. Commun. 2018, 500, 26–34.
[CrossRef] [PubMed]

46. Wang, X.C.; Jiang, Y.J.; Zhu, L.; Cao, L.; Xu, W.; Rahman, S.U.; Feng, S.B.; Li, Y.; Wu, J.J. Autophagy protects PC12 cells against
deoxynivalenol toxicity via the Class III PI3K/beclin 1/Bcl-2 pathway. J. Cell. Physiol. 2020, 235, 7803–7815. [CrossRef] [PubMed]

47. Zhao, H.K.; Zhai, X.H.; He, W.H.; Jing, Z.; Wang, D.Y.; Yang, J.H. Analysis of the combined toxic effects of AFB1, DON, and OTA
complex contamination in Caco-2, HK-2, SK-N-SH and HepG2 Cells. Toxins 2026, 18, 41. [CrossRef] [PubMed]

48. Lv, Q.X.; Xu, W.J.; Yang, F.; Li, J.H.; Wei, W.J.; Chen, X.G.; Liu, Y.M.; Zhang, Z.Q. Protective and detoxifying effects of resveratrol
on zearalenone-mediated toxicity: A review. Int. J. Mol. Sci. 2024, 25, 11003. [CrossRef] [PubMed]

49. Song, C.C.; Zhu, K.S.; Zhuang, Y.F.; Jia, H.Y.; Liu, A.M. Nrf2: The key target for antagonizing the toxicity of deoxynivalenol.
Toxicon 2026, 273, 109000. [CrossRef] [PubMed]

50. Tang, W.; Zhao, J.F.; Liu, K.; Liao, P. Rosemary extract mitigates deoxynivalenol-induced intestinal inflammation in weaned piglets
via activation of the Nrf2/HO-1 pathway and suppression of NF-κB/MAPK signaling. Toxicon 2026, 273, 109019. [CrossRef]
[PubMed]

51. Stoev, S.D. Food security, underestimated hazard of joint mycotoxin exposure and management of the risk of mycotoxin
contamination. Food Control 2024, 159, 110235. [CrossRef]

52. Krijt, J.; Cmejla, R.; Sykora, V.; Vokurka, M.; Vyoral, D.; Necas, E. Different expression pattern of hepcidin genes in the liver and
pancreas of C57BL/6N and DBA/2N mice. J. Hepatol. 2004, 40, 891–896. [CrossRef] [PubMed]

https://doi.org/10.3390/toxins18080355

https://doi.org/10.1016/j.fbio.2025.106033
https://doi.org/10.1016/j.jhazmat.2025.138129
https://www.ncbi.nlm.nih.gov/pubmed/40179778
https://doi.org/10.1134/S0022093011010051
https://doi.org/10.1016/j.fct.2025.115892
https://www.ncbi.nlm.nih.gov/pubmed/41380830
https://doi.org/10.1007/s00484-024-02674-w
https://www.ncbi.nlm.nih.gov/pubmed/38607562
https://doi.org/10.1016/j.tox.2023.153689
https://www.ncbi.nlm.nih.gov/pubmed/38040082
https://doi.org/10.1016/j.jhazmat.2025.140486
https://www.ncbi.nlm.nih.gov/pubmed/41241984
https://doi.org/10.1016/j.ecoenv.2023.114705
https://www.ncbi.nlm.nih.gov/pubmed/36863159
https://doi.org/10.1016/j.fct.2020.111867
https://www.ncbi.nlm.nih.gov/pubmed/33217525
https://doi.org/10.1002/cyto.a.24783
https://www.ncbi.nlm.nih.gov/pubmed/37606087
https://doi.org/10.1016/j.prp.2023.154410
https://www.ncbi.nlm.nih.gov/pubmed/36917917
https://doi.org/10.1016/j.jff.2025.107084
https://doi.org/10.1016/j.fct.2021.112514
https://www.ncbi.nlm.nih.gov/pubmed/34400200
https://doi.org/10.1172/JCI179335
https://www.ncbi.nlm.nih.gov/pubmed/38885342
https://doi.org/10.1016/j.bbrc.2017.06.190
https://www.ncbi.nlm.nih.gov/pubmed/28676391
https://doi.org/10.1002/jcp.29433
https://www.ncbi.nlm.nih.gov/pubmed/31930515
https://doi.org/10.3390/toxins18010041
https://www.ncbi.nlm.nih.gov/pubmed/41591187
https://doi.org/10.3390/ijms252011003
https://www.ncbi.nlm.nih.gov/pubmed/39456789
https://doi.org/10.1016/j.toxicon.2026.109000
https://www.ncbi.nlm.nih.gov/pubmed/41548761
https://doi.org/10.1016/j.toxicon.2026.109019
https://www.ncbi.nlm.nih.gov/pubmed/41619981
https://doi.org/10.1016/j.foodcont.2023.110235
https://doi.org/10.1016/j.jhep.2004.02.029
https://www.ncbi.nlm.nih.gov/pubmed/15158327
https://doi.org/10.3390/toxins18080355


Toxins 2026, 18, 355 17 of 17

53. Ren, L.; Zhang, L.; Bai, Y.; Huang, C.; Li, X.; Ma, F.; Mu, W.; Yao, M.; Jiang, C.; Chen, X.; et al. Metabolic stress-induced Choline
Kinase α (CHKA) activation in endothelial subpopulation contributes to diabetes-associated microvascular dysfunction. Adv. Sci.
2025, 12, e17045. [CrossRef] [PubMed]

54. Li, X.; Liu, X.; Zhang, Y.; Cheng, C.; Fan, J.; Zhou, J.; Garstka, M.A.; Li, Z. Hepatoprotective effect of apolipoprotein A4 against
carbon tetrachloride induced acute liver injury through mediating hepatic antioxidant and inflammation response in mice.
Biochem. Biophys. Res. Commun. 2021, 534, 659–665. [CrossRef] [PubMed]

55. Li, Y.M.; Wang, X.R.; Qi, S.T.; Gao, L.; Huang, G.L.; Ren, Z.L.; Li, K.S.; Peng, Y.P.; Yi, G.Z.; Guo, J.L.; et al. Spliceosome-regulated
RSRP1-dependent NF-κB activation promotes the glioblastoma mesenchymal phenotype. Neuro-Oncology 2021, 23, 1693–1708.
[CrossRef] [PubMed]

56. Yao, T.; Wu, Y.; Fu, L.; Li, L. Magnolin ameliorates acetaminophen-induced liver injury in mice via modulating the MAPK
pathway and lipid metabolism. Toxicol. Appl. Pharmacol. 2025, 497, 117264. [CrossRef] [PubMed]

57. Jin, J.; Shan, Y.; Zhang, L.; Wu, Z.; Wu, S.; Sun, M.; Bao, W. Pterostilbene ameliorates Fumonisin B1-induced cytotoxic effect by
interfering in the activation of JAK/STAT pathway. Antioxidants 2022, 28, 2360. [CrossRef] [PubMed]

58. Du, H.; Yang, K.; He, Z.; Su, L.; Tan, X.; Li, Z.; Song, W.; Cao, L.; Ma, Y. Tianjihuang compound alleviates aflatoxin B(1)-induced
hepatic steatosis and fibrosis by targeting PPARalpha-TGF-beta pathway in ducklings. Poult. Sci. 2025, 104, 105006. [CrossRef]
[PubMed]

59. Ye, Y.R.; Jiang, M.Z.; Hong, X.Y.; Fu, Y.W.; Chen, Y.C.; Wu, H.P.; Sun, Y.P.; Wang, X.; Zhou, E.R.; Wang, J.J.; et al. Quercetin
alleviates deoxynivalenol-induced intestinal damage by suppressing inflammation and ferroptosis in mice. J. Agric. Food Chem.
2023, 71, 10761–10772. [CrossRef] [PubMed]

60. Liu, M.J.; Yan, G.R.; Chang, J.; Wang, P.; Liu, C.Q.; Yin, Q.Q.; Xu, X.X. Compound probiotics and glycyrrhizic acid alleviate
don-induced liver damage linked to the alteration of lipid metabolism in piglets. Funct. Foods. 2024, 120, 106390. [CrossRef]

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

https://doi.org/10.3390/toxins18080355

https://doi.org/10.1002/advs.202417045
https://www.ncbi.nlm.nih.gov/pubmed/40548950
https://doi.org/10.1016/j.bbrc.2020.11.024
https://www.ncbi.nlm.nih.gov/pubmed/33239168
https://doi.org/10.1093/neuonc/noab126
https://www.ncbi.nlm.nih.gov/pubmed/34042961
https://doi.org/10.1016/j.taap.2025.117264
https://www.ncbi.nlm.nih.gov/pubmed/39952301
https://doi.org/10.3390/antiox11122360
https://www.ncbi.nlm.nih.gov/pubmed/36552567
https://doi.org/10.1016/j.psj.2025.105006
https://www.ncbi.nlm.nih.gov/pubmed/40073684
https://doi.org/10.1021/acs.jafc.3c02027
https://www.ncbi.nlm.nih.gov/pubmed/37392437
https://doi.org/10.1016/j.jff.2024.106390
https://doi.org/10.3390/toxins18080355

	Introduction 
	Results 
	Effects of Individual or Combined Treatment with DON and PAT on Growth Performance and Hepatic Organ Index Values in Mice 
	Effects of Individual or Combined Exposure to DON and PAT on Hepatic Histomorphology in Mice 
	Effects of Individual or Combined Exposure to DON and PAT on Hepatic Apoptosis in Mice 
	Effects of Individual or Combined Exposure to DON and PAT on Hepatic Inflammation in Mice 
	Effects of Individual or Combined Treatment with DON and PAT on Hepatic Oxidative Stress in Mice 
	RNA-Seq Analysis 

	Discussion 
	Conclusions 
	Materials and Methods 
	Experimental Materials and Animal Treatment 
	Histopathological Examination 
	qRT-PCR Assay 
	RNA-Sequencing Analysis 
	Statistical Analysis 

	References

