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Abstract

Background
Deoxynivalenol (DON) is an inevitable contaminant in animal feed and human food and can lead to decreased
appetite and growth retardation in children and piglets, which are often used as models for children.
Hepatotoxicity induced by DON is closely related to growth inhibition. Although many molecular mechanisms
are related to the liver damage caused by DON, few studies have been done on cytochrome P450 (CYP450s)
and DNA methylation, and the role of DNA methylation in growth inhibition of piglets was also unclear.

Results
In the present study, piglets were randomly assigned to the following three different dietary treatments for 4
weeks: control diet, diet containing 1 mg DON/kg feed, and diet containing 3 mg DON/kg feed. Compared to the
control group, elevated alanine aminotransferase activity and globulin level were observed in DON groups;
however, aspartate aminotransferase activity was decreased in 3 mg/kg DON group. DON exposure increased
the mRNA expression of CYP450s including CYP1A1, CYP1A2, CYP2B22, CYP2C33, CYP2D25, CYP2E1,
CYP3A22 and CYP3A39, in which DNA methylation was involved in the regulation of the expression of these
enzymes. By estimating the benchmark dose value of the metabolic enzymes, CYP1A1 was found to be the
most sensitive metabolic enzyme to evaluate the clinical liver injury caused by DON. DON upregulated the
expression of DNA methyltransferases (DNMT1 and DNMT3B) in a dose-dependent manner, thus increasing
the level of 5-mC in the whole genome. Notably, DON downregulated the expression of nicotinamide n-
methyltransferase, possibly reducing the weight of the piglets. Additionally, 1 mg/kg DON decreased the
expression of galanin-like peptide (GALP), while 3 mg/kg DON signi�cantly increased the level of GALP through
DNA methylation, thus affecting the appetite of the piglets. DON can signi�cantly reduce the methylation level
of insulin-like growth factor 1 (IGF-1) promoter and thus increase its expression.

Conclusions
Taken together, increased CYP450 expression and DNA methylation are important mechanisms of liver injury
and growth inhibition induced by DON, which provide future reference values determination of antagonistic
toxicity.

Background
Deoxynivalenol (DON), as a serious natural source of global contaminant, is one of the most common
mycotoxins produced by several pathogenic fungi, such as Fusarium graminearum [1]. DON is generally stable
and therefore not easily destroyed or removed from food even after processing [2]. DON contamination is very
widespread, which not only brings great loss to feed enterprises and breeders, but also threatens human health.
The contamination of grain by DON is associated with the strain, temperature, humidity, ventilation, sunshine
and other factors [3]. DON is mainly present in wheat, barley, oats, corn and other cereal crops [4], bread,
biscuits, wheat snacks and other food products [5], animal milk, eggs [6] and fruit [7]. DON can also cause
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pollution in fresh and waste water treatment plants [1]. It was reported that DON was omnipresent in the
primary e�uent samples of three Swiss waste water treatment plants in concentrations of 32–118 ng/L [8].
The detection rate of DON in cracker biscuits produced in southern Brazil was 99% [9].

Infants and young children are at risk of a high level of DON exposure because of their high cereal intake
relative to body weight [10]. In China, the average DON exposure is the highest at ages of 3–6 years. In one
report, DON exposure was 2.12 µg/kg/day in the children of northern areas of China and 0.73 µg/kg/day in the
children of southern areas [4]. Estimation of dietary DON revealed that children in the UK were frequently
exposed to levels exceeding the tolerable daily intake, with 52% of cases for DON [11]. The levels of the
estimated dietary DON intake in Henan province were high, especially for children [12]. In Norway, the mean
exposure to DON was in the range of up to twice the tolerable daily intake in 1-year-old infants and 2-year-old
children [13]. Worryingly, long-term intake of food containing DON leads to loss of appetite, growth retardation
and weight loss in children [4]. It is noteworthy that the liver injury caused by DON is closely related to growth
inhibition. For instance, DON induces strong G2/M cell cycle arrest in HepG2 cells by highly upregulating the
cell cycle inhibitory protein p21 [14]. Therefore, DON is a potential threat to children’s health and has aroused
wide concern.

Cytochrome P450s (CYP450s) in the liver do not directly metabolise DON, but these enzymes may be closely
involved in hepatotoxicity. Previous studies have found many mechanisms of liver injury caused by DON, such
as lipid peroxidation, oxidative stress [15], apoptosis [1], in�ammatory response [16] and autophagy [17], but
this is all phenotypic. CYP450s may be important sources of toxic liver injury under DON exposure. For
example, CYP450 1A1 (CYP1A1), CYP450 1B1 (CYP1B1) and CYP450 2E1 (CYP2E1) can induce oxidative
stress in hepatocytes [18]. Although DON is metabolised by the liver endoplasmic reticulum UDP-
glucuronosyltransferases (UGTs), recent studies have found that DON can upregulate the expression of
CYP450 1A4 (CYP1A4) in the jejunum [19]. However, it is still not clear whether DON affects the expression of
CYP450s in the liver.

Recent studies have shown that DNA methylation is closely associated with toxin-induced liver damage. Lu et
al. found that T-2 toxin signi�cantly increased the levels of DNA methyltransferase 1 (DNMT1) and DNA
methyltransferase 3A (DNMT3A), which were mainly concentrated at the site of liver injury [20]. The 5-
methylcytosine (5-mC) level of genomic DNA was also raised in T-2 toxin-treated rat livers [20]. Additionally,
DNA methylation regulated the expression of Ras association domain family member 4 (RASSF4) under T-2
toxin, along with activation of its downstream pathways, resulting in apoptosis in the rat liver [21]. However, to
the best of our knowledge, the potential role of DNA methylation in DON-induced CYP450 expression has not
been identi�ed.

The toxicity of DON-induced retardation of human growth has become a burning topic. Studies have found that
DON can cause growth retardation and weight loss through protein synthesis inhibition and other phenotypic
mechanisms [22]. Recently, it was found that DNA methylation was closely related to growth inhibition [23, 24].
The expression of growth hormone (GH), growth hormone receptor (GHR) and insulin-like growth factor 1 (IGF-
1) were in�uenced by DNA methylation [25, 26]. Another study revealed that 8 mg/kg of DON in the diet was
responsible for signi�cant decreases in the mRNA expression of nicotinamide N-methyltransferase (NNMT),
galanin-like peptide (GALP) and IGF-1, but signi�cantly increased the expression of insulin-like growth factor-
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binding protein 2 (IGFBP2) [16]. However, how DNA methylation affects the expression of these genes under
DON exposure is still unknown.

On the basis of previous studies, we used piglets as models to study the role of CYP450s and DNA methylation
in DON-induced growth inhibition in children, because piglets are used as models of human paediatric
surrogacy and show similarities to observations in humans in studies of the expression of CYPs [27, 28]. The
dose used in this study was selected on the basis of previous research reports on DON in piglets [29–31], and
piglets were exposed to chronic toxic levels of 1 mg/kg and 3 mg/kg for 4 weeks of treatment. The effect of
DON on liver function was determined by analysing the changes of liver function indices in the piglets’ blood.
To check whether DON affected liver metabolising enzymes and DNA methylation, the expression of CYP450
and growth- and DNA methylation-related genes was detected by qPCR. Furthermore, the level of 5-mC in the
whole genome was detected by colorimetry. The methylation level of CYP450 genes and growth-related gene
promoter in the liver was detected by methylation-speci�c PCR (MSP) to further study DNA methylation in liver
injury caused by DON.

Methods

Reagents and chemicals
DON toxin (CAS NO. 514810–8), glutamine and dimethylsulfoxide (DMSO) were purchased from Sigma (St.
Louis, MO, USA). M-MLV RTase, dNTP Mixture (10 mM), 5 × M-MLV Buffer, Oligo d(T)18, RNAiso Plus and SYBR
Premix Ex Taq™ (Perfect Real Time) were from TaKaRa Biotechnology Co., Ltd. (Dalian, Liaoning, China). The
universal genomic DNA kit was procured from CWBIO (Beijing, China). The MethylFlash methylated DNA
quanti�cation kit (Colorimetric) was purchased from Epigentek (Farmingdale, NY, USA). The EZ DNA
Methylation-Gold™ Kit and Zymo Taq™ PreMix were purchased from Zymo Research Corp (Orange, CA, USA).
All the materials used in this study were of analytical grade.

Experimental animals and design
A total of 15 crossbred newly weaned piglets (3 weeks of age) were selected and allotted into three dietary
treatment groups and each group contained �ve piglets. All diets were formulated to meet the amino acid
requirements of NRC (1994). Treatment Group 1 received the basal diet (BD, NRC 2012, control), Group 2
received BD + 1.0 mg/kg DON and Group 3 received BD + 3.0 mg/kg DON. The piglets were immunised with the
OVA (0.5 mg + Quil A adjuvant) pseudorabies (PS) vaccine, swine fever (SF) vaccine and porcine circoviruses
(PC) vaccine at 4 (1 week into the feeding trial) and 5 weeks of age (2 weeks into the feeding trial). After 4
weeks of experiment, the piglets were humanely killed and the blood and liver collected for further assays.

Measurement of hepatic biochemical indices
Serum aspartate aminotransferase (ALT) and aspartate aminotransferase (AST) enzyme activity, albumin, total
protein (TP), globulin (GLO), total bilirubin (TBIL), direct bilirubin (DBIL), indirect bilirubin (IBIL), alkaline
phosphatase (ALP), glutamyl transpeptidase (GGT), creatinine (UREA), creatinine (CREA) and lactate
dehydrogenase (LDH) were determined by laboratory equipment as described previously [32–34].

Quantitative real-time PCR (qPCR) examination
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Total RNA from the liver was isolated using the TRIzol extraction method according to the manufacturer’s
instructions (Invitrogen Inc., Carlsbad, CA). The quality of RNA was veri�ed by evaluating the optical density at
260 nm and 280 nm. The extracted RNA was reverse-transcribed into cDNA using a Prime Script reverse
transcription-PCR kit (TaKara, Dalian, P.R. China) for qPCR.

The Primer Express software was applied to design the rat-speci�c primers according to the software
guidelines (Table 1). Each 10 µL reaction mixture consisted of 5 µL SYBR® Premix Ex Taq™, 0.4 µL of each
primer (10 µM), 1 µL of cDNA and 3.2 µL RNase-free H2O. For all genes, the cycling conditions were as follows:
step 1: 30 s at 95 °C; step 2: 45 cycles at 95 °C for 5 s, 50–60 °C for 30 s; step 3: dissociation stage. In this
study, the housekeeping gene β-actin was used as an internal calibrator reference gene for expression pro�ling
of genes. Data were analysed and quanti�ed using the 2−ΔΔCt methods.
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Table 1
Piglet primers used for qPCR analysis

Genes Type Primer sequence (5'to 3') Product size
(bp)

Annealing temperature
(°C)

CYP1A1 Forward GCCATATGCTTTGGTCAGCG 136 59

Reverse TGGGCAGGTAACGGAGGATA

CYP1A2 Forward TGAATTTGTGGAGACCGCCT 199 59

Reverse GTGCTTGAATAGGGCGCTTG

CYP2B22 Forward CCGAAAGGGCTTTCTCAAGT 174 59

Reverse TCCACCACAGCGATTTTCCC

CYP2D25 Forward TCCTGGTGGACTTGATGCAC 121 59

Reverse AAGCTGAGACGTGGGTCTTG

CYP2C33 Forward TGTGCTCCCTGCAATGTGAT 123 59

Reverse CCAGGGAGAGCTTATTTGACGA

CYP2E1 Forward CCGGTGTTCACTGTGTACCT 151 59

Reverse AAATGACCCCTTTGTCCTTGTG

CYP3A29 Forward CACTTACCTGCCCTTTGGGA 165 59

Reverse GGTTGTGTAAGCCCTTGCGT

CYP3A22 Forward TGTTCCCCATCATTGCCCAG 128 59

Reverse TGTGCTAGTGATCACATCCATGC

IGFBP2 Forward CGAGGGCACTTGCGAAAAG 114 60

Reverse TTCCCATCCACGTGGTTCTC

IGF-1 Forward TGCTTGCTCTCCTTCACCAG 124 60

Reverse ACCCTGTGGGCTTGTTGAAA

NNMT Forward ACCGACTACACGGACCAGAA 118 60

Reverse TGACTCTGTTCCCTTCGAGC

GALP Forward CAGTGCTGGTTACCTCCTGG 148 60

Reverse CCTCTTGGAGGCCAACTGAG

DNMT1 Forward GGTTGTTCGGCAACATCCTG 152 60

Reverse CGTAGTCTCTTCCTCCTTGACT

DNMT3A Forward ATCAGTACGACGATGACGGC 88 60

Reverse CAGCAATTGTTGTTCCCGCA
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Genes Type Primer sequence (5'to 3') Product size
(bp)

Annealing temperature
(°C)

DNMT3B Forward ATCAGAGGCCGCAGATCAAG 212 60

Reverse CGGCTGGAGGTACTGTTGTT

β-actin Forward GCTGTCCCTGTACGCCTCTG 123 60

Reverse GCTCGTTGCCGATGGTGAT

Calculation of benchmark dose (BMD)
According to the expression of different metabolising enzymes in the liver of piglets, the BMD curves of gene
expression were calculated and the corresponding BMD and lower con�dence limit of the BMD (BMDL) values
obtained using BMD software (https://benchmarkdose.org/). The BMD and BMDL values of metabolic
enzymes are shown in Table 2.
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Table 2
BMD and BMDL (mg/kg) of gene expression in the dose-response

model of DON
Index Model BMD (mg/kg) BMDL (mg/kg)

CYP1A1 Linear 0.0476 0.00556

  Power 1.60 0.609

  Hill 7.05 0.525

  Michaelis Menten 0.165 0.0157

CYP1A2 Linear 6.20 1.52

  Power 3.35 2.89

  Hill 17.4 3.45

  Michaelis Menten -5.34 -234

CYP2B22 Linear 3.57 0.546

  Power 2.99 2.20

  Hill 22.4 3.84

  Michaelis Menten 8.41 -145

CYP2C33 Linear 3.42 0.545

  Power 2.98 2.29

  Hill 13.3 2.24

  Michaelis Menten 4.64 -129

CYP2D25 Linear 3.57 0.571

  Power 3.00 2.15

  Hill 22.2 3.63

  Michaelis Menten 8.28 -141

CYP2E1 Linear 3.18 0.489

  Power 2.87 2.03

  Hill 22.3 3

  Michaelis Menten 7.09 -136

CYP3A22 Linear 5.88 1.44

  Power 3.33 2.70

  Hill 26.1 3.36

  Michaelis Menten -4.59 -235
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Index Model BMD (mg/kg) BMDL (mg/kg)

CYP3A39 Linear 2.83 0.382

  Power 2.8 2.06

  Hill 9.55 1.59

  Michaelis Menten 3.80 -122

NNMT Linear 4.62 2.94

  Power 3.23 2.99

  Hill 16.1 3.87

  Michaelis Menten 4.80 -33.6

GALP Linear 4.37 2.87

  Power 3.21 2.98

  Hill 20.6 4.16

  Michaelis Menten 7.27 -72.5

IGF-1 Linear 4.26 1.01

  Power 3.18 2.45

  Hill 26.3 2.95

  Michaelis Menten 4.04 -175

IGFBP2 Linear 1.64 0.213

  Power 2.77 1.53

  Hill 16.8 2.70

  Michaelis Menten 3.52 -41.7

Genome-wide DNA methylation analysis
To test whether methylation of genomic DNA was affected by DON, DNA in the liver tissue was extracted using
a universal genomic DNA kit following treatment with DON toxin. A MethylFlash methylated DNA quanti�cation
kit was used to detect DNA methylation in the genome, according to the manufacturer's instructions. Finally, the
absorbance (OD) was measured and read at 450 nm within 2–15 min. The following formula was used to
calculate 5-mC level:

5-mC = [(Sample OD-ME3 OD) ÷ S]/[(ME4 OD-ME3 OD) × 2 ÷ P]

where ME3 = Negative control; ME4 = Positive control; S = Input of DNA sample; P = Quantity of ME4 DNA.

MSP analysis
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To determine the methylation level of gene promoter regions related to the metabolism and growth in liver
tissue, the EZ DNA Methylation-Gold™ kit was used for bisul�te conversion of GC-rich DNA according to the
manufacturer's directions. Methylated and unmethylated primers for CYP450s and NNMT, GALP, IGF-1 and
IGFBP2 genes were synthesised by Nanjing Genescript Co. Ltd., Nanjing, P.R.China (Table 3). MSP used the
following cycle parameters: 95 °C for 5 min, followed by 20, 30 and 40 cycles, respectively, at 95 °C for 30 s,
50–60 °C for 30 s and 72 °C for 30 s, and a �nal extension at 72 °C for 7 min. The PCR product (5 µl) was
subjected to electrophoresis on 3% agarose gel and stained with 0.5 µg/ml ethidium bromide. Optical density
values were measured using Quantity One 4.6.2 (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The following
formula was used to calculate the results of methylation or unmethylation:
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Table 3
Primers used for Methylation-speci�c PCR (MSP)

Genes   Type Primer sequence (5'to 3') Product
size (bp)

Annealing
temperature (°C)

CYP1A1 m Forward TTTTTTTTATTTTGGGAAGATCGT 102 48

Reverse AAACAACTTTTACGTATAACCACGC

u Forward TTTTTTTTATTTTGGGAAGATTGT 101 48

Reverse AACAACTTTTACATATAACCACACC

CYP1A2 m Forward AATAAATTATATAATTTTTTTGCGT 136 48.5

Reverse TATAAACCCCATATTATTATCCGAA

u Forward ATTTATAATAAATTATATAATTTTTTTGTG 142 48.5

Reverse TATAAACCCCATATTATTATCCAAA

CYP2B22 m Forward TTTGGTGGGTTTTATTTTTATTTTC 143 47.3

Reverse CCTCAACTACTACCTCATTTATCGAC

u Forward TTTGGTGGGTTTTATTTTTATTTTT 142 47.2

Reverse CTCAACTACTACCTCATTTATCAAC

CYP2D25 m Forward ATTGATTTAAGGGTATTGTGAGACG 195 49.3

Reverse CTACAAAAAAAATAAAACCCACGAA

u Forward TTGATTTAAGGGTATTGTGAGATGA 194 49.5

Reverse CTACAAAAAAAATAAAACCCACAAA

CYP2C33 m Forward GGGGTATAGCGTAAATTTAAGTAGC 132 50.3

Reverse AAAAAATCAAAACAAAAAAATCGAT

u Forward TTGGGGTATAGTGTAAATTTAAGTAGTGT 134 50.2

Reverse AAAAAATCAAAACAAAAAAATCAAT

CYP2E1 m Forward GTATATGAGGTATAAAACGGGTTCG 139 51.4

Reverse TTTAACAATATAACAAACCCTCGAT

u Forward TATATGAGGTATAAAATGGGTTTGA 132 51

Reverse TTTAACAATATAACAAACCCTCAAT

CYP3A29 m Forward TTTTATTTAGGAAAGGGTTTTTCGT 105 52

Reverse AACCTCTCTATCCGTCTAAATCGAT

u Forward TTTTATTTAGGAAAGGGTTTTTTGT 105 52

m = methylated, u = unmethylated
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Genes   Type Primer sequence (5'to 3') Product
size (bp)

Annealing
temperature (°C)

Reverse AACCTCTCTATCCATCTAAATCAAT

IGFBP2 m Forward TAGGTAGTAGTGAGTGAAAATTCGA 100 50

Reverse CCATATAACCGACAAAAAACGTC

u Forward TAGGTAGTAGTGAGTGAAAATTTGA 103 50

Reverse TTCCCATATAACCAACAAAAAACAT

IGF-1 m Forward TTATTGAAATGGTAAAATTTCGGAC 207 50

Reverse CAAAAATCTACTAAAAACTCTCGTC

u Forward ATTGAAATGGTAAAATTTTGGATGT 205 50

Reverse CAAAAATCTACTAAAAACTCTCATC

NNMT m Forward GAGTAAGGTTAGGGATCGAAT 93 53

Reverse AAAAAACTCAAATTAAAATTCCCG

u Forward TTGAGTAAGGTTAGGGATTGAA 95 42

Reverse AAAAAACTCAAATTAAAATTCCCATC

GALP m Forward AAAGTTAGATATAGGAAGATAAATATTACG 102 53.2

Reverse ATCGAATTTATTAAACCACGACG

u Forward GATATAGGAAGATAAATATTATGTGA 93 54.2

Reverse GATATAGGAAGATAAATATTATGTGA

m = methylated, u = unmethylated

Methylation rate (%) = [ODm]/[ODm + ODu]

where m indicates methylated and u indicates unmethylated.

Bisul�te sequencing (BSP) analysis
DNA extracted from piglet liver was treated with bisul�te modi�cation and examined for the methylation status
of CpG dinucleotides within the promoter region of NNMT, GALP, IGF-1 and IGFBP2. These gene promoter
regions were ampli�ed from the bisul�te-modi�ed sequence by BSP primers synthesised by Nanjing Genescript
Co. Ltd. (Table 4). For the primer ampli�cation system, each 20 µL reaction mixture consisted of 10 µL Zymo
Taq™ Premix, 0.5 µL of each primer (10 µM), 2 µL template DNA and 7 µL RNase-free H2O. For all genes, the
cycling conditions were as follows: initial denaturation for 10 min at 95 °C; denaturation at 30 s at 95 °C;
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annealing at 50–55 °C for 30 s; extending at 72 °C for 30 s; and �nal extension at 72 °C for 7 min. The PCR
products were recovered and puri�ed by agarose electrophoresis. The PCR product was joined to T vector and
then cloned and the blue colonies of sequence selected. The bisul�te sequence data on CpG site methylation
analysis were aligned, visualised, and quanti�ed by quantitative tool for methylation analysis (QUMA)
software.

Table 4
Primers used for Bisul�te sequencing PCR (BSP)

Genes   Type Primer sequence (5'to 3') Product
size
(bp)

Annealing
temperature
(°C)

CpG

IGF-1 BSP Forward TTATGGGGTTTTGATTGTGATATG 126 53.2 6

Reverse TTACTTTCAAAAAAAACAAATTAAAC

IGFBP2 BSP Forward AAATTTATTTGAAGGTTATGTTTGA 226 54 13

Reverse AAAATCCCCTAACTCCCTCC

NNMT BSP1 Forward GGTATATGGAGGTTTTTAGG 368 52 17

Reverse AAACACACAATAAATATTCAAAA

BSP2 Forward TATTTTAGGGGTTGAGAAATGG 369 54 10

Reverse CACTCAAAACATATAAAAATTCCCAA

GALP BSP1 Forward ATTTTAGAAAATTTGGGAGTA 396 52 20

Reverse ATTCTCAAACTAAAAATAAAATTAAAACTA

BSP2 Forward GTTGTGATTTAGTGTAGAAGGGAA 400 52 12

Reverse AAAATATTTATAACAATAAAACAAAAA

Statistical analysis
Statistical analysis was performed using SPSS, version 13 (Chicago, IL, USA). Data were presented as mean ± 
SD. Difference between groups was determined by a one -way ANOVA using a signi�cance level of P < 0.05. The
BSP data were assessed by the Mann–Whitney non-parametric test for multiple comparisons.

Results

DON affected serum liver biochemical indices, causing liver
damage
To observe the effect of DON toxin on piglet liver function, serum chemical parameters including AST, ALT, ALP,
TP, GLO, ALB, TBIL, DBIL, IBIL, GGT, UREA and LDH were measured. According to the data presented in Fig. 1,
serum ALT activity and GLO levels in the DON group signi�cantly increased after DON administration (1 or
3 mg/kg) (p < 0.5). However, AST and LDH activity in the DON-treated group at 3 mg/kg exhibited lower levels
compared to the control group. Additionally, a sharp increase was observed in GGT activity following DON
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treatment at 1 mg/kg when compared to the control group (p < 0.01). These results suggested that DON leads
to liver dysfunction in piglets.

DON exposure caused changes in CYP450s expression in
piglet liver
To check whether DON exposure cause abnormal expression of CYP450s, the mRNA level was examined. As
shown in Fig. 2, the mRNA expression levels of CYP450s, including CYP1A1, CYP1A2, CYP450 2B22
(CYP2B22), CYP450 2C33 (CYP2C33), CYP450 3A22 (CYP3A22), CYP450 2D25 (CYP2D25), CYP2E1 and
CYP450 3A39 (CYP3A39), were signi�cantly increased after DON administration at 3 mg/kg (p < 0.05).
However, the expression of CYP2D25 and CYP2E1 in the DON toxin group at 1 mg/kg exhibited a signi�cant
decrease compared to the control group (p < 0.05). Through BMD online software, we estimated the BMD and
BMDL with the expression of metabolic enzyme genes. Table 2 demonstrates that the BMD and BMDL values
of CYP1A1 were the lowest compared to those of other metabolic enzymes. These results indicated that
CYP1A1 was the most sensitive index in evaluating liver injury caused by DON.

DON exposure caused abnormal expression of DNA methyltransferases and affected the genomic 5-mC level in
piglet liver

In DNA methylation analysis, we focused primarily on level of 5-mC, which is regulated by DNA
methyltransferases (DNMT1, DNMT3A, DNMT3B). As shown in Fig. 3, the mRNA expression levels of DNMT1
and DNMT3B were signi�cantly increased after DON toxin exposure compared to the control group (p < 0.05).
However, the DNMT3B expression of DON groups showed no signi�cant difference compared to the control
group. We tested the genomic DNA methylation levels in pig livers, where our results revealed that 5-mC global
levels were signi�cantly higher in livers treated with DON toxin (1 or 3 mg/kg) than in the control (p < 0.05).

DON exposure caused DNA methylation changes in promoters
of metabolic enzyme genes in piglet liver
The MSP was used to measure the methylation levels of CpG sites in the CYP450 gene promoter region. As
shown in Fig. 4, in one DON exposure group (3 mg/kg), the methylation levels of CYP1A1, CYP2D25, CYP2E1,
and CYP3A39 promoters were signi�cantly decreased compared to the control (p < 0.05), thus inducing the
expression of these genes. Additionally, the methylation level of CYP1A2 promoter in DON-treated groups was
lower than the control group (p < 0.05), which possibly promoted the transcription of the CYP1A2 gene.
Although the methylation level of CYP2B22 promoter was increased, the expression of CYP2B22 gene was
raised. The possible reason was that other regulated factors also in�uence the expression of CYP2B22.

DON exposure caused changes of growth-regulating gene
expression in piglet liver
To investigate the effect of DON exposure on piglet growth, we also examined the mRNA expression of growth-
related genes in the liver (Fig. 5). The results demonstrated that the mRNA expression levels of NNMT were
markedly decreased after DON toxin administration (1 or 3 mg/kg; p < 0.05) compared to the control group.
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DON exposure at 1 mg/kg reduced the expression of GALP, while DON exposure at 3 mg/kg sharply elevated
GALP expression. In addition, sharp increases in IGF-1 and IGFBP2 expression in DON-treated livers were
observed when compared to the control group (p < 0.05), which might be the compensatory effect of DON-
induced growth inhibition toxicity.

DON exposure caused DNA methylation changes in promoters
of growth-regulated genes in piglet liver
To further determine whether DNA methylation was involved in the expression of NNMT, GALP, IGF-1 and
IGFBP2 after exposure to DON toxin in pig liver, MSP and BS were applied. For these genes, the CpG sites of
MSP assay were included in the sequence of BSP analysis. As shown in Fig. 6A–B, although only methylated
primers ampli�ed the bands of all groups, the methylated bands of the DON treatment group were stronger,
suggesting an increased methylation level of NNMT to some extent. BSP results of NNMT gene also revealed
that some CpG sites in DON-exposed groups were completely methylated compared to the control group, thus
promoting NNMT transcription. For the GALP gene in Fig. 6C–D, the methylation level in one DON group
(3 mg/kg) was lower than the control group and induced GALP expression. In Fig. 6E–F, the results showed that
DON treatment could decrease the promoter methylation level of IGF-1, promoting IGF-1 expression. However,
the IGFBP2 methylation level in DON groups exhibited no signi�cant difference compared to the control group
(Fig. 6G–H).

Discussion
Due to its high resistance to temperature, high toxicity levels and widespread occurrence in food, DON is
considered an unavoidable contaminant in nature and to pose a serious threat to public health [35]. Although
the liver toxicity of DON has received much attention, the role of DNA methylation and CYP450s on its
deleterious toxicity is still poorly understood. In this study, DON exposure increased the serum ALT and GLO
levels. Moreover, the present study proved for the �rst time that DNA methylation regulated the expression of
CYP450s in DON-treated piglet livers. DON exposure reduced the expression of NNMT and GALP, with
decreases in feed intake and weight of piglets. It was worthy of note that DON could regulate the expression of
NNMT, GALP and IGF-1 through DNA methylation and thus affect the growth of piglets.

Feed levels of 1 mg/kg and 3 mg/kg of DON are possible daily doses for children. In Portugal, by using HPLC to
analyse 307 samples of plant crops, the highest levels of DON concentration was found to be 17.9 mg/kg [36].
It was reported that the average content of 23,980 samples contaminated by DON was as follows: wheat,
9900 mg/kg; corn, 4772 mg/kg; rice, 183 mg/kg; barley, 6349 mg/kg; oats, 537 mg/kg; and rye, 190 mg/kg [37].
DON was also detected in pasta with the highest level in the European Union of 3200 µg/kg [38]. Therefore, the
dose used in this study was within the exposure dose range of children to DON.

Although CYP450 does not participate in the direct metabolism of DON, abnormal changes in CYP450s were
the mechanism for DON-induced hepatotoxicity. Recent literature suggested that CYP450s are involved in
oxidative stress, apoptosis and in�ammatory response against foreign particles [39, 40]. Different metabolic
enzyme patterns also accompanied the pathological lesions. For example, the activities of liver microsomal
mixed-function oxidase, ethoxyresoru�n-O-deethylase and methoxyresoru�n-O-demethylase were unaffected,
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whereas pentoxyresoru�n-O-depentylase activity was increased. Protein levels of glutathione S-transferase α
and π were increased, whereas CYP1A protein level was unchanged [41, 42]. Another study reported that DON
had no effect on the mRNA expression of different CYP450s (CYP1A4 and CYP3A37) in duodenum and liver
[43]. However, in the present study, we found that 3 mg/kg DON could signi�cantly increase the mRNA
expression level of CYP450s (CYP1A1, CYP1A2, CYP2B22, CYP2C33, CYP2D25, CYP2E1, CYP3A22 and
CYP3A39). The differences in the result may be related to the DON dose, the animal species or environmental
conditions. A�atoxin B1 (AFB1)-induced generation of reactive oxygen species can lead to oxidative stress,
potentially requiring the activation of CYP450s [44]. Similarly, the increase in CYP450s might be an important
mechanism of liver injury under DON exposure. Importantly, increased CYP1A1 expression was the most
sensitive metabolic enzyme in the assessment of DON-induced liver injury.

Piglets are one of the most sensitive species with regard to their response to DON-contaminated feed and are
the best models for studying the toxic effect of DON on children [22, 45]. The liver plays a key role in the
metabolism and detoxi�cation of DON [46]. However, various investigations into DON in piglet liver generated
inconsistent results, with some showing hepatotoxicity of DON, and others not. For example, DON at 3.1 mg/kg
feed for 37 days had no impact on pig liver [47]. Similar results were reported by Van Le Thanh et al. (2016),
who found that the activity of other antioxidant enzymes or glutathione concentrations were not affected by
DON (0.8 and 3.1 mg/kg feed) over 17 days of exposure [30]. Renner et al. (2017) did not �nd the liver histology
activity index (HAI) in young pigs fed DON at 4.59 mg/kg feed for 27 days [48]. However, pigs given DON-
contaminated feed (4 mg/kg for 15, 30 and 37 days) showed oxidative stress and lipid peroxidation [49]. Gerez
et al. (2015b) found that pigs given DON-contaminated feed (1.5, 2 and 3 mg/kg for 28 days) showed
signi�cant histological changes in the liver [50]. The study by Pierron et al. (2018) found that piglets exposed
by gavage to 1 and 0.5 nM DON/kg b.w/day for 3 weeks revealed a slight decrease in weight gain [51]. A diet
containing 8 mg/kg DON fed for 4 weeks disrupted the immune-related processes in the liver of piglets [52].
Based on previous literature [53], in the present study we selected the administration dose of DON of 1 and
3 mg/kg feed and fed piglets for 4 weeks. Herein, DON at 1 mg/kg elevated the ALT and GGT levels, suggesting
that DON may destroy the liver cell membrane, leading toleakage of enzymes from injured hepatocytes [54, 55].
However, compared with the 1 mg/kg DON group, DON at 3 mg/kg decreased serum levels of ALT, AST and
LDH, especially AST and LDH, suggesting that 3 mg/kg DON may lead to massive necrosis of liver cells or
acute hepatitis, basically resulting in depletion of transaminase in the liver tissue [56, 57]. In addition, DON
signi�cantly increased the level of serum GLO, suggesting that DON may cause an in�ammatory response and
immune system disorders in piglet liver [58].

DNA methylation could be used as a sensitive molecular indicator of DON-induced liver damage. Regarding
DNA methylation, DNMT1, DNMT3A and DNMT3B, maintain synergistically the stability of DNA methylation
[20]. Most of the changes in DNA methylation are due to chemicals, including mycotoxins, in food and in the
environment [20, 21]. It was found that 10 mM DON increased the percentage of 5-methylcytosine in DNA from
4.5–9% in Caco-2 cells [59]. However, another study reported that DON at 3 mg/kg decreased the expression of
methyltransferases and upregulated methyl-CpG-binding domain 2 (MBD2) expression in porcine splenic
lymphocytes [60]. Abnormal changes in DNA methylation are common in tumorigenesis [61]. In the current
study, DON exposure resulted in the increased expression of the DNMT1 and DNMT3B genes, and raised the
genomic 5-mC level in piglet livers. We also observed that with the higher concentration of DON the effect was



Page 17/30

also greater. This might indicate that DON has a liver-cancer-promoting effect [62], and the content of genomic
5-mC may be a potential epigenetic biomarker for the hepatotoxicity of DON [63].

DNA methylation is a molecular switch that regulates CYP450 expression of DON-exposed piglet liver. Previous
studies have shown that the expression of the CYP450 gene is related to the methylation of its promoter region,
such as CYP1A1 [64], CYP1B1, CYP2E1 [65], CYP450 3A4 (CYP3A4) and CYP450 2D6 (CYP2D6) [66]. In the
present study, it was found that DON at 3 mg/kg could reduce the methylation level of the promoter region of
enzymes, including CYP1A1, CYP1A2, CYP2D25, CYP2E1 and CYP450 3A29 (CYP3A29), and thus increase their
mRNA expression levels. Strangely, the results found that DON at3 mg/kg signi�cantly increased the
methylation level of the CYP2B22 gene promoter, but the expression of CYP2B22 was signi�cantly increased,
which suggested that DON also affected CYP2B22 expression through other transcriptional factors [67, 68].
There were differences in the regulation of DNA methylation on the expression of different CYP450s, which
may be related to the polymorphism of the CYP450 gene [69].

DNA methylation affects the expression of genes related to animal feeding and growth. As a key cytosolic
methyltransferase in the liver, NNMT is classi�ed as a phase II metabolising enzyme [70, 71]. NNMT is essential
for the biotransformation and detoxi�cation of some heterogenous compounds, and plays a role in catalysing
N-methylation of nicotinamide, pyridine and other structural analogues [72, 73]. The abnormal expression of
NNMT has been found in many diseases and pathophysiological processes, such as cancer, obesity and
cirrhotic liver [72]. It was found that the inhibition of NNMT increases the level of S-adenosylmethionine (SAM)
and nicotinamide adenine dinucleotide (NAD) in fat and consequently produces the effect of weight loss [72].
In addition, NNMT is closely related to ALT release and liver in�ammation [74]. In our study, DON signi�cantly
reduced the expression of NNMT, which may be an important factor in the weight loss of piglets. The
methylation level of several CpG sites in the NNMT promoter increased slightly, which may have partially
reduced the expression of NNMT.

GALP, as a protein-coding gene, is involved in regulating appetite and in�ammation, energy metabolism and
reproduction [75–77]. The expression of GALP can be detected in pituitary, brain, liver and testis tissue [52, 75,
78–80]. After fasting, the expression of GALP gene decreases signi�cantly [81]. It has been proved that acute
GALP treatment can change the food intake of primates, mice and rats. For example, GALP (1–10 ptg) was
infused into the ventricles of rats with satiety and starvation at the same time and the feeding increased at 1 h
after injection, but the feeding and weight decreased signi�cantly 24 h after injection. The short-term and long-
term effects of GALP on food intake may be achieved through different neural pathways [82]. In addition, the
expression of GALP gene is controlled by a leptin signal [78]. Our study found that DON at 1 mg/kg can
signi�cantly reduce the expression of GALP in the liver, which may lead to decreased appetite and weight loss
in piglets, as found in the previous study [83]. However, a higher dose of DON (3 mg/kg) signi�cantly increased
the expression of GALP in the liver, which may be due to the fact that the high dose of DON fed to piglets for a
long time resulted in a sharp decrease in weight, malnutrition and an increase in the secretion of leptin in the
animals, resulting in an increase in the expression of GALP [84]. Meanwhile, DON at 3 mg/kg could
demethylate CpG sites in the promoter region of the GALP gene, leading to a sharp increase in the expression of
GALP, which is the �rst time it has been discovered.
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IGF1 is the key mediator of GH. GH is synthesised in the anterior pituitary and then released into the blood,
stimulating the liver to produce IGF1. In turn, IGF1 stimulates whole-body growth and plays a growth-promoting
role in many cell types [85]. In addition, IGFBP2 affects the animal’s immune response and cell proliferation
[52]. In our study, it was found that DON could signi�cantly increase the expression of IGF-1 and IGFBP2, which
may be a compensatory response or negative feedback regulation of the GH reduction caused by DON [46].
Besides, it was found that DNA methylation of IGF-1 promoter decreased in DON-exposed piglet liver, which is
consistent with existing research [86].

Conclusion
In this work, we found that DON could induce hepatotoxicity, increase the expression of CYP450s and disturb
the expression of growth-related genes NNMT, GALP, IGF-1 and IGFBP2, in which DNA methylation regulated the
expression of these genes. In addition, DON increased the expression of DNMTs and the level of genomic 5-mC.
Therefore, the liver damage caused by DON was related to the high expression of metabolic enzymes and DNA
methylation. CYP450s may be a therapeutic target to antagonise the hepatotoxicity of DON, and CYP1A1 is the
most sensitive metabolic enzyme in the liver injury induced by DON. Moreover, 5-mC might be used as a
biomarker of DON-induced liver damage. Further studies are still required to explore the effect of CYP450s in
the toxicity of DON.
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Figures

Figure 1
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Serum chemical parameters of liver function in piglets fed diets containing DON-contaminated corn (n = 5). *p
< 0.05, **p < 0.01, ***p < 0.001 versus 0 mg/kg group. Note: ALT, alanine aminotransferase, AST, aspartate
aminotransferase, TBIL, total bilirubin; TP, total protein; GLO, globulin; TBIL, total bilirubin; DBIL, direct Bilirubin;
IBIL, indirect bilirubin; ALP, alkaline phosphatas; GGT, glutamyl transpeptidase; CREA, creatinine; LDH, lactate
dehydrogenase.

Figure 2

CYP450 gene expression in the liver of piglets fed diets containing DON-contaminated corn (n = 5). The mRNA
levels of CYP1A1, CYP1A2, CYP2B22, CYP2C33, CYP2D25, CYP2E1, CYP3A22 and CYP3A39 detected by qPCR.
*p < 0.05, **p < 0.01, ***p < 0.001 versus 0 mg/kg group.
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Figure 3

DNA methyltransferase expression and genome-wide 5-mC level in the liver of piglets fed diets containing DON-
contaminated corn (n = 5). The mRNA levels of DNMT1, DNMT3A and DNMT3B detected by qPCR (a, b, c). The
5-mC level of genomic genes was assessed using the MethylFlash Methylated DNA Quanti�cation Kit
(colorimetric) (d). *p < 0.05, **p < 0.01, ***p < 0.001 versus 0 mg/kg group.
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Figure 4

The methylation levels of CYP450 genes in the liver ofpiglets fed diets containing DON-contaminated corn (n =
5). Genomic DNA extracted from the liver was treated with bisul�te and then subjected to methylation-speci�c
PCR (MSP) using the methylated DNA (m)-and unmethylated DNA (u)-speci�c primer sets. In the �gure, M
represents methylation, U represents unmethylation. *p < 0.05, **p < 0.01, ***p < 0.001 versus 0 mg/kg group.
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Figure 5

Gene expression closely related to growth (NNMT, GALP, IGF-1, IGFBP2) in the liver of piglets fed diets
containing DON-contaminated corn (n = 5). The mRNA levels of NNMT, GALP, IGF-1 and IGFBP2 detected by
qPCR. *p < 0.05, **p < 0.01, ***p < 0.001 versus 0 mg/kg group.
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Figure 6

Methylation levels of genes closely related to growth (NNMT, GALP, IGF-1, IGFBP2) in the liver of piglets fed
diets containing DON-contaminated corn (n = 5). Genomic DNA extracted from the liver was treated with
bisul�te and then subjected to MSP using the methylated DNA (m)-and DNA (u)-speci�c primer sets. In the
�gure, M represents methylation, U represents unmethylation (A, C, E, G). The methylation levels in the promoter
regions of gene promoter regions was detected by BSP, which indicates bisulfate sequencing by PCR; the blue
dots represent the CpG sites of methylation, and the white dots represent the unmethylated CpG sites (B, D, F,
H).


