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Currently, T-2 toxin has been reported to cause liver toxicity with the effects of oxidative stress and in-
flammation; however, the underlying mechanism of T-2 toxin-induced liver injury is not fully understood.
Increasing lines of evidence show that DNA methylation affects the expression of inflammatory cytokine, and
plays a crucial role in autoimmune diseases. Nevertheless, the potential role of DNA methylation in the hepa-
totoxicity of T-2 toxin has not been explored. In this study, female Wistar rats were given a single dose of T-2
toxin at 2 mg/kg b.w. and were sacrificed at 1, 3 and 7 days post-exposure. In vitro, a normal rat liver cell line
(BRL) was exposed to different concentrations of T-2 toxin. Histopathological analysis was used to investigate
damage to the liver, which was detected at the molecular level by RT-PCR, Western blot and im-
munohistochemical assays, methylation-specific PCR (MSP), bisulfite sequencing (BSP), and flow cytometry. The
results showed that T-2 toxin significantly increased the levels of DNA methyltransferases (DNMT1, DNMT3A),
which were mainly concentrated at the site of liver injury. The 5-methylcytosine (5-mC) level of genomic DNA
was also raised in T-2 toxin-treated rat livers. The expression of inflammatory cytokines (IL-6, IL-1f3, IL-11, IL-
la, and TNF-a) increased both in vivo and in vitro under T-2 toxin treatment. Notably, DNA demethylation
directly increased the expression of cytokines IL-11, IL-6, IL-a, and TNF-a under T-2 toxin exposure. DNA
methylation inhibitors combined with T-2 toxin directly or indirectly induced the production of inflammatory
cytokines and aggravate cell apoptosis. Our study uncovered for the first time that DNA methylation is related to
the expression of inflammatory cytokines in T-2 toxin-induced liver injury. These findings suggested that DNA
methylation is a potential mechanism of T-2 toxin-induced hepatotoxicity.

1. Introduction

As one of the most toxic trichothecenes mycotoxins produced by
species of Fusarium, T-2 toxin is highly concerned in most countries
(Deng et al., 2018). T-2 toxin contaminates human food, animal feeds,
and agricultural products such as wheat, maize, and barley (Hjelkrem
et al., 2018; Matejova et al., 2017). The contamination of T-2 toxin is a
serious problem in many countries, including China (Wang et al.,
2018b), America (Garrido et al., 2013), Britain (Lawson et al., 2018),
Spain, Italy and France (Paterson et al., 2018). For instance, a study in
Italy found that 100% of barley samples had contamination, with an

average T-2 toxin level of 443 ng/kg and the highest level reaching
724 ug/kg (Morcia et al., 2016). For instance, a study in Italy found that
100% of barley samples were contaminated with an average T-2 toxin
level of 443 ug/kg and the highest level of 724 ug/kg (Zhang et al.,
2018a). The exposure of T-2 toxin damages hippocampal neurons
(Tanaka et al., 2016), causes animal vomiting (Wu et al., 2016). Im-
portantly, the chronic exposure of T-2 toxin was associated with liver
injury (Slobodchikova and Vuckovic, 2018).

The current literature has also shown the relationship of liver
toxicity with T-2 toxin. T-2 toxin-treated rats exhibited a significant
decrease in relative liver weights (Tamimi et al., 1997). Shinozuka et al.
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reported that the levels of plasma aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were increased after a single oral dose
of 10 mg/kg b.w. to mice for 2 days, and T-2 toxin caused considerable
damage to hepatocytes through apoptosis (Shinozuka et al., 2009). In
another study, an incubation of T-2 toxin (at 46.6, 233 and 466 ng/ml)
for 24 and 42h could decrease liver microsomal protein, liver DNA
levels, glycogen levels and increase liver RNA levels in porcine mono-
nuclear cells (Horvatovich et al., 2013). Importantly, the production of
pro-inflammatory cytokines were also observed in the T-2 toxin-in-
duced hepatotoxicity (Luo et al., 2018). However, the role of pro-in-
flammatory factors in T-2 toxin-induced liver injury, which could pro-
vide a basis for the prevention and treatment of T-2 toxin-induced
hepatotoxicity, remains unclear.

Pro-inflammatory cytokines might play important roles in T-2 toxin-
induced injury (Li et al., 2013; Ravindran et al., 2011; Zhou et al.,
2014). Previous research showed that T-2 toxin could promote pro-in-
flammatory cytokines, including IL-13 and TNF-a in chondrocytes, and
thus aggravate kashin-beck disease (KBD) (Li et al., 2008; Zhou et al.,
2014). T-2 toxin elevated the levels of pro-inflammatory cytokines, IL-
1B, IL-1a, IL-6 and TNF-a in the brain and spleen, and caused an al-
teration in blood-brain barrier (BBB) (Ravindran et al., 2011). Recent
studies further revealed that pro-inflammatory cytokines IL-1p, IL-6, IL-
11, and TNF-a play a critical role in the cytotoxicity of T-2 toxin in GH3
and RAW264.7 cells, causing cell apoptosis and growth inhibition (Liu
et al., 2017a).

Other studies have shown that DNA methylation can modulate the
expression of inflammatory cytokines. Conventionally, DNA methyl-
transferases (DNMT1, DNMT3A, and DNMT3B) can control the level of
DNA methylation, particularly including 5-mC, and these enzymes are
closely related to the expression of inflammatory cytokines. Increased
levels of DNMT1 could enhance the release of lipopolysaccharide (LPS)-
induced pro-inflammatory cytokines, such as TNF-a and IL-6 in mac-
rophages (Cheng et al., 2014). DNMT3A overexpression could increase
DNA methylation in the IL-6 promoter in synovial fibroblasts (Yang
et al., 2017). Additionally, the abnormal methylation levels of pro-in-
flammatory factors, such as IL-6, TNF-a, IL-1a, and IL-11 promoters,
can alter the expression level of these genes and promote the in-
flammatory response (Arroyo-Jousse et al., 2016; Notley et al., 2017).
However, the role of DNMT1 and DNMT3A in T-2 toxin-induced he-
patotoxicity has not been identified, and the relationship between DNA
methylation and inflammatory factors under T-2 toxin remains to be
determined.

From previous studies, we hypothesize that DNA methylation is a
potential mechanism of T-2 toxin-induced inflammatory cytokine pro-
duction in liver cell injury. This study was conducted to investigate the
role of DNA methyltransferases and pro-inflammatory cytokines in rat
liver injury after treatment with T-2 toxin, as well as how genome
methylation patterns and methylation level of pro-inflammatory cyto-
kine promoter regions were altered after rat livers or BRL cells are
exposed to T-2 toxin in vivo and in vitro.

2. Materials and methods
2.1. Reagents and chemicals

T-2 toxin (CAS NO. 21259-20-1), 3-(4, 5-dimethyl thiazolyl-2)-2, 5-
diphenyltetrazolium bromide (MTT), bovine serum albumin (BSA),
RIPA lysis buffer, thiourea, phenylmethanesulfonyl fluoride (PMSF),
sodium dodecyl sulphate (SDS), 5-Aza-2’-deoxycytidine (DAC),
Universal Genomic DNA Kit, glutamine, acrylamide, bis-acrylamide,
ammonium persulfate (APS), Tris Base, DL-Dithiothreitol (DTT), me-
thanol and dimethylsulfoxide (DMSO) were purchased from Sigma (St.
Louis, MO, USA). High-glucose DMEM was obtained from Hyclone
(Logan, UT, USA); fetal bovine serum (FBS), antibiotics (penicillin,
streptomycin) and trypsin-EDTA solution were supplied by Gibco BRL-
Life Technologies (Logan, UT, USA). M-MLV RTase, dNTP Mixture
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(10mM), 5 x M-MLV buffer, Oligo d(T)18, RNAiso Plus, SYBR Premix
Ex Taq™ (Perfect Real Time) were bought from TaKaRa Biotechnology
Co., Ltd. (Dalian, Liaoning, P.R. China). DAPI Staining Solution was
bought from Beyotime (Wuhan, P.R. China). MethylFlash Methylated
DNA Quantification 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). DNMT1 (D63A6) XP° Rabbit mAb was purchased from Cell
Signalling Technology (Mass, USA). IL-6, IL-1f, IL-11, and DNMT3A
antibodies were purchased from Abcam (Cambridge England). The
Annexin V/Propidium Iodide (PI) Apoptosis Kit was obtained from
BestBio (Shanghai, P.R. China).

2.2. Animals and cells culture

Specific pathogen free female Wistar rats, weighing between 150
and 200 g, from the Centre of Laboratory Animals of Hubei Province,
Wuhan, P.R. China, were used for this study. The study was approved
by the Ethical Committee of the Faculty of Veterinary Medicine
(Huazhong Agricultural University, Wuhan, P.R. China). Animals were
kept in well-maintained animal rooms at a temperature of 20-26 °C,
with a relative humidity of 40-70% and a 12 h light/dark cycle. During
the first week of the acclimatization period, all animals received basic
feed and fresh water. Four rats were housed per cage with hardwood
shavings as bedding.

The normal rat liver cell line (BRL) was purchased from the Cell
Bank of Type Culture Collection at the Chinese Academy of Sciences.
BRL cells were cultured in DMEM supplemented with 10% FBS,
2mmol/L glutamine, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin at 37 °C with an atmosphere of 5% CO,. BRL cells passaged 5-15
times were used in the experiments. All experiments were performed at
least in triplicate on three separate occasions.

2.3. Experimental design

T-2 toxin was dissolved in DMSO and then was diluted in phosphate
buffered saline (PBS). For the time course study, animals were divided
into four groups containing five animals at each time point (Oh, 1, 3
and 7 days). The oral LDs, of T-2 toxin in female rats is 7.0 mg/kg b.w.
(Fairhurst et al., 1987). Several studies have illuminated that acute
injury of the spleen, liver, brain and pituitary was observed in rats
exposed to 2mg/kg b.w. T-2 toxin (Guo et al., 2018; Suneja et al.,
1987). Based on these results, a single oral dosage of 2 mg/kg b.w. of
Wistar rat in the present study was used to investigate liver injury. A
day before intragastrical (i.g.) exposure to T-2 toxin, all animals re-
ceived fresh water only, without basic feed. Control rats received PBS-
DMSO in place of T-2 toxin. All animal work complied with the NIH
publication “The Development of Science-Based Guidelines for La-
boratory Animal Care” (NRC National Research Council, 2004).

2.4. Cell treatments

To determine the optimal incubation concentration and time for the
toxicity of T-2 toxin in BRL cells, 1 x 10° cells/mL were seeded in 96-
well plates. The cells were treated of T-2 toxin at different concentra-
tions (0, 2.5, 5, 10, 20, 30, 40, 60 and 80 nM) for 0.5, 1, 2, 4, 8, 12, 24
and 36 h, respectively. After treatment, 20 pL of MTT (0.5 mg/mL) was
added to each well and incubated for 4 h. Next, the supernatants of each
well were discarded, and 150 puL of DMSO was added to each sample to
dissolve the purple formazan crystals. After 10 min, the optical density
(OD) was read on a microplate reader (Bio-Tek Instruments, Inc.,
Winooski, VT, USA). For inhibitor assays, cells were pre-treated with
the DNA methylation inhibitor, DAC (5uM) for 1h, followed by the
addition of T-2 toxin (40 nM) for 12h. All cell experiments were per-
formed at least in triplicate on three separate occasions.
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Table 1
Primers used for RT-PCR analysis.
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Gene Type Primer sequence (5’to 3') Product size (bp) Annealing temperature (°C)

B-actin Forward GAGATTACTGCCCTGGCTCCTA 148 55
Reverse ACTCATCGTACTCCTGCTTGCTG

IL-6 Forward CTGGTCTTCTGGAGTTCCGT 222 55
Reverse TCTTGGTCCTTAGCCACTCCT

IL-18 Forward TTGCTTCCAAGCCCTTGACT 236 60
Reverse GGTCGTCATCATCCCACGAG

IL-11 Forward GCTTCCTGGAGTGCTGACAA 155 55
Reverse GTAAGCGACGAAGTAGCCGT

IL-1a Forward GGAGGCCATAGCCCATGATTT 110 56
Reverse TGAACTCCTGCTTGACGATCC

TNF-a Forward ACTGAACTTCGGGGTGATCG 153 55
Reverse GCTTGGTGGTTTGCTACGAC

DNMT1 Forward ACTGTTCCTCCTTCTGCCATC 112 60
Reverse CATCGTCCTTAGCGTCGTCG

DNMT 3A Forward CTTGGTGGTTAGGAGGTCGG 85 60
Reverse GCCTGTATTCCAGACGGCAC

DNMT 3B Forward GATCAAGCTCACGGCTGTCT 196 60
Reverse CTGTTGCTGTTTCGGGTTCG

Note: The primers were manufactured by Nanjing Genescript Co. Ltd. (Nanjing, PR China). IL-11, interleukin-11; IL-6, interleukin-6; IL-1a, interleukin-1a; TNF-a,
tumor necrosis factor alpha; IL-1fB, interleukin-13; and DNMT1, DNA Methyltransferase 1; DNMT3A, DNA Methyltransferase 3A; DNMT3B, DNA

Methyltransferase3B.
2.5. Total mRNA isolation and RT-PCR

The mRNA expression of genes related to inflammatory injury and
DNA methylation (IL-11, IL-6, IL-la, IL-13, TNF-a, DNMT1, and
DNMT3A) was measured in rat livers and was determined by real-time
quantitative reverse RT-PCR. Total RNA from each liver was isolated
using the TRIzol extraction method according to the manufacturer's
instructions (Invitrogen Inc., Carlsbad, CA). The quality of RNA was
verified by evaluating the optical density at 260 nm and 280 nm. The
extracted RNA was reverse-transcribed into cDNA using a PrimeScript
RT-PCR kit (TaKara, Dalian, P.R. China) for quantitative PCR.

Primer Express Software was applied to design the rat-specific pri-
mers according to the software guidelines (Table 1). Each 25 pL reac-
tion mixture consisted of 12.5 uL of SYBR® Premix Ex Taq™, 1.0 uL of
each primer (10 uM), 2.0 pL of cDNA and 8.5 pL of RNase Free H,0. For
all genes, the cycling conditions were as follows: step 1, 30 sat 95 °C;
step 2, 45 cycles of 95 °C for 55, 50-60 °C for 30s; step 3, dissociation
stage. In this study, the housekeeping gene [-actin was used as an in-
ternal calibrator reference gene for expression profiling of genes. Data
were analyzed and quantified using the 242" methods (Liu et al.,
2017b).

2.6. Protein extraction and western blot analysis

BRL cells in 6-well plates were incubated with T-2 toxin or co-in-
cubated with inhibitors. After the incubation, the total protein was
extracted and analyzed as previously described (Liu et al., 2017b).
Briefly, the protein was collected, quantified, and separated by 10%
SDS-polyacrylamide gel electrophoresis, and subsequently transferred
onto a PVDF membrane (Millipore, Billerica, MA, USA). Membranes
were incubated with primary antibodies (diluted according to the
manufacturer's instructions) overnight at 4°C. After washing, blots
were incubated for 1 h with the corresponding secondary antibody at a
1:5000 dilution. Immunoreactive bands were detected using the Lu-
minata Classico Western HRP Substrate Kit (Millipore, Bedford, MA,
USA), and signal intensity and images were captured with a LAS-4000
luminescent image analyzer (Fujifilm, Tokyo, Japan).

2.7. Histopathological analysis

Histopathological tests were performed using standard laboratory
procedures. Control and T-2 toxin-treated animals were sacrificed at

specific time points. Liver tissue was dissected from animals, fixed in
10% neutral-buffered paraformaldehyde and paraffin embedded.
Routinely, 5 um or 10 um sections by microtome and placed onto glass
slides for hematoxylin-eosin (HE) staining. Slides were observed under
an optical microscope (Olympus BX 41, Japan) for morphological al-
terations.

2.8. Immunohistochemical assay

Liver tissue was dissected from animals, fixed in 10% neutral-buf-
fered paraformaldehyde and paraffin embedded for slice processing on
appropriate glass slides. These were placed into the oven at 58 °C for
10 min, followed by deparaffinization in xylol, rehydration in alcohol at
decreasing concentrations, washing in distilled water, and then washing
in PBS (0.1 M sodium phosphate buffer, pH 7.2) for 5min. The en-
dogenous peroxidase was blocked with a 3% hydrogen peroxide solu-
tion for 30 min, washing in distilled water, and then washing in PBS for
15 min (3 times, 5min each). The slides were placed in citrate buffer
and subjected to steam heat recovery by maintaining them at 95-100 °C
for 30 min, then with natural cooling taken out. The glass slides were
then washed with PBS (3 times, 5min each) and incubated with 5%
BSA for 1h in a moist chamber at 37 °C. After that, the BSA was dis-
carded, followed by overnight incubation with appropriate primary
antibodies at 4 °C in a moist chamber. The glass slides were then wa-
shed with PBS (3 times, 5min each) and incubated with the biotiny-
lated secondary antibody for 1hat 37 °C in the moist chamber. After
another wash in PBS (5 times, 5 min each), they were incubated in 0.1%
DAB solution (in 3% hydrogen peroxide). The glass slides were counter
stained with hematoxylin for 2 min, then washed in running water for
10 min. Finally, the glass slides were washed in distilled water and
dehydrated in alcohol (at increasing concentrations), diaphanized in
xylol and mounted on Entelan’ for optic microscopy examination.
Three slides were read for each rat in each group under (400 X ) mag-
nification and quantitatively measured the average optical density (OD)
of each slide with the software Image-Pro Plus 6.0.

2.9. Genome-wide DNA methylation analysis

To test whether methylation of genomic DNA was affected by T-2
toxin, DNA in liver tissue was extracted using a universal genomic DNA
kit following treatment with T-2 toxin. A MethylFlash Methylated DNA
Quantification Kit was used to detected DNA methylation in the
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Table 2
Primers used for Methylation-specific PCR (MSP).
Gene Type Primer sequence (5’to 3") Product size (bp) Annealing temperature (°C)
IL-11 m Forward TTACGAGGGTGATTTTTTTATTTTC 102 55
Reverse CCTCGAACCTATATCATCTCTAACG
u Forward CCCTCAAACCTATATCATCTCTAACA 102 54
Reverse TTATGGAGTATTTGTTTTAGTTCGA
IL-1a m Forward TTATGGAGTATTTGTTTTAGTTCGA 153 52
Reverse TAACTTAATCTACCTATTTCTCGCT
u Forward ATTATGGAGTATTTGTTTTAGTTTGA 153 54
Reverse TAACTTAATCTACCTATTTCTCACT
IL-6 m Forward GTTTGATTTAGTTTAGAAGTTTCGG 177 55
Reverse AAAAATTTATTACAATCCTTACGTT
u Forward GTTTGATTTAGTTTAGAAGTTTTGG 177 54
Reverse AAAAATTTATTACAATCCTTACATT
TNF-a m Forward TTGAGATGTGTTGTAATTAAGACGA 146 52
Reverse ATAAACTCAACCCTAAAAATTCACG
u Forward TTGAGATGTGTTGTAATTAAGATGA 146 51
Reverse AAACTCAACCCTAAAAATTCACAAA

m = methylated, u = unmethylated.

Table 3
Primers used for Bisulfite sequencing PCR (BSP).
Gene Type Primer sequence (5'to 3) Product size (bp) CpG size Annealing Temperature (°C)
TNF-a BSP Forward GAATAGGATTTATTTGAGAGAGGGA 393 6 51
Reverse CCTTAAATTAATCTCCCTAACCT
IL-6 BSP Forward TATTTGGAGATAGGTGGATAGAAAAT 279 4 52
Reverse CATTTCCAAATCATACAAAAA
IL-1B BSP Forward ATTATAGGTGTGTTTAGGGGA 385 4 52
Reverse ACAAACTTATACCTTCTAATAATACCAAAA
IL-11 BSP1 Forward TAGGAGGGTTAAATATTTGAGAT 397 5 51
Reverse AACCCCTACTCCTACTAAAACCC
IL-11 BSP2 Forward TTAGAGGGGTTATTAGGTTGAGG 399 6 52
Reverse AAAACATTTCACCAAATATCCCTAA
IL-1a BSP1 Forward GATAGTTATATTGGAATTGGAGAG 389 4 52
Reverse AAAAAATATAAATTCTTACACAAATCAACA
IL-1a BSP2 Forward AGAAATTAAATGGTTAGGTAGTGAT 395 4 52
Reverse CAAAAATAAACTAAAACCAAAACTTAAA

Fig. 1. The selected microphotographs of the liver
(400 X ). (A) The liver from the control group. (B)
The liver from 1 day after treated with T-2 toxin
group. (C) The liver from 3 days after treated with T-
2 toxin group. (D) The liver from 7 days after treated
with T-2 toxin group. The blue arrow indicates the
location of liver injury. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)

genome, according to the manufacturer's instructions. Finally, the ab- mC = [(Sample OD-ME3 OD) -+S]/[(ME4 OD-ME3 OD) x 2 + PJ;
sorbance (OD) was measured and read with 450 nm within 2-15 min. where ME3 = Negative control; ME4 = Positive control; S = Input of
The following formula was used to calculate 5-mC level: 5- DNA sample; P = Quantity of ME4 DNA.
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Fig. 2. The relative expression levels of inflammation factors in rat liver. (A) The mRNA expression levels of IL-1f, IL-6, IL-11, TNF-a, and IL-1a detected by RT-PCR.
(B-C) The protein expression levels of IL-1(3, IL-6, and IL-11 detected by immunohistochemical assays (brown staining is the positive reaction of antibodies for IL-1f3,
IL-6 and IL-11); a, b, c and d represent the control group, 1-day treatment group, 3-day treatment group and 7-day treatment group, respectively. *p < 0.05,
**p < 0.01, ***p < 0.001 versus control group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

2.10. MSP analysis

To determine the methylated DNA in liver tissue, EZ DNA
Methylation-Gold Kit was used according to the manufacturer's direc-
tions. Methylated and unmethylated primers for IL-11, IL-6, TNF-a, and
IL-1a were synthesized by Nanjing Genescript Co. Ltd. (Nanjing, P.R.
China) (Table 2). MSP using the following cycle parameters: 95 °C for
5 min, followed by 20, 30 and 40 cycles respectively, at 95 °C for 30s,
50-60 °C for 30s and 72 °C for 30s, and a final extension at 72 °C for
7 min. The PCR product (5 pl) was subjected to electrophoresis on 3%
agarose gels and stained with 0.5pg/ml ethidium bromide. Optical
density values were measured using Quantity One 4.6.2 (Bio-Rad La-
boratories, Inc., Hercules, CA, USA). The following formulas were used
to calculate the results of methylation or unmethylation: methylation
rate (%) = [OD,,]1/[OD,,+0D,], unmethylation rate (%) = [OD,l/
[OD,,+0OD,]; where m indicated methylated and u indicated un-
methylated.

2.11. Bisulfite sequencing analysis

DNA extracted from BRL cells was treated with bisulfite modifica-
tion and examined for the methylation status of CpG dinucleotides
within the promoter region of the inflammatory factor genes for IL-11,
IL-6, IL-1a, TNF-a, and IL-1(. Inflammatory factor gene promoters
were amplified from the bisulfite-modified sequence by BSP primers.
For the primer amplification system, each 20 pL reaction mixture con-
sisted of 10 uL. Zymo Taq™ Premix, 0.5 pL of each primer (10 uM), 2 uL
template DNA and 7 uL. RNase Free H,O. For all genes, the cycling
conditions were as follows: initial denaturation for 10 min at 95 °C;
denaturation at 30 sat 95 °C; annealing at 50-55 °C for 30 s; extending
at 72 °C for 30s; final extension at 72 °C for 7 min. The PCR product was
recovered and purified after agarose electrophoresis. The product of
PCR was joined to T vector, then cloned and selected blue colonies for
sequencing. In the process of cloning, we used water as the negative
control and T-vector transformed competent cells as the positive
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Fig. 3. Genomic DNA extracted from the liver was treated with bisulfite and then subjected to methylation-specific PCR (MSP) using the methylated DNA (m)-and
unmethylated DNA (u)-specific primer sets. In the figure, M represents methylation, U represents unmethylation. *p < 0.05, **p < 0.01, ***p < 0.001 versus

control group.

control. We aligned, visualized, and quantified bisulfite sequence data
for CpG methylation analysis by Quantitative tool for methylation
analysis (QUMA) software. The sequences of primers are shown in
Table 3.

2.12. Nuclear morphology and cell apoptosis analysis

BRL cells (1 x 10°>/mL) were seeded in a 12-well plate and cell
growth reached approximately 80-90%. Cells were incubated with T-2
toxin (40nM) and DAC (5uM) for 12h. After treatment, cells were
washed twice with PBS. DAPI staining solution was added to each hole
and incubated for 10 min in the dark. Nuclear changes were observed
under a fluorescence microscope (excitation wavelength 364 nm and
emission wavelength 454 nm).

Cell apoptosis was measured by Annexin V-FITC Apoptosis

Detection Kit, as described in our previous study (Liu et al., 2017a). BRL
cells were incubated with T-2 toxin (40 nM) and DAC (5 uM) for 12 h.
After treatment, cells were washed twice with PBS and incubated in
300 pL binding buffer containing 3 pL annexin V-FITC stain and 3 pL PI
in the dark for 15minat room temperature. The stained samples
(containing 200, 000 cells/sample) were then analyzed on a flow cyt-
ometer within 1h, following the manufacturer's protocol (CyAn ADP,
Beckman, Irvine, CA, USA).

2.13. Statistical analysis

The statistical analysis was performed using SPSS 18.0 for Windows.
The Mann-Whitney non-parametric test was used for the BSP data
analysis (Elika et al., 2009; Yu et al., 2019). The results are expressed as
mean * SD. Group differences were assessed using one-way analysis of
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Fig. 4. The relative expression of DNA methyltransferases and the 5-mC level of genomic genes in the rat liver. (A) The mRNA levels of DNMT1 and DNMT3A
detected by RT-PCR. (B-C) The protein expression levels of DNMT1 and DNMT3A detected by immunohistochemical assays (brown staining is the positive reaction of
antibodies for DNMT1 and DNMT3A); a, b, c, and d represent the control group, 1-day treatment group, 3-day treatment group and 7-day treatment group,
respectively. (D) The 5-mC level of genomic genes was assessed using the MethylFlash Methylated DNA Quantification Kit (colorimetric). *p < 0.05, **p < 0.01,
***p < 0.001 versus control group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

variance (ANOVA), followed by the least significant differences (LSD)
tests. Values for which p < 0.05 denoted significant differences from
the control.

3. Results
3.1. Clinical observations after T-2 toxin exposure

Before the start of the experiment, the rats were fed with their
standard feeds. However, one day after they had been administered T-2
toxin, rats in the experimental group began to exhibit poor mental
states such as slow action. During the 5 days of T-2 toxin administra-
tion, the animal's food intake decreased. From the sixth day of the ex-
perimental condition, poor symptoms improved and had nearly re-
covered completely by the end of the experimental protocol. These
clinical changes suggest that T-2 toxin may cause changes in the diet
and mental status in rats.

3.2. Histological evaluation in rat liver

As shown in Fig. 1, the significant histopathological changes in liver
tissue were observed in T-2 toxin-treated rats. In the liver of the control
animals, liver cells and hepatic sinusoids were radically arranged
around the central vein, and the liver cells were more deformed with
intact structures and large, round nuclei (Fig. 1A). Compared to the
control group, results from rat livers treated with T-2 toxin for 1 day
revealed that the contour of the liver cells was not clear, and some
central lobes of hepatic lobules were denatured (granule sense). Occa-
sionally, neutrophil infiltration in the portal area and slight prolifera-
tion of central venous peripheral bile duct epithelial cells were observed
(Fig. 1B). After treatment with T-2 toxin for 3 days, the nuclei of he-
patocytes were different in size, indicating proliferation, and lympho-
cytes and neutrophils are aggregated in hepatic lobules (Fig. 1C). In rats
treated with T-2 toxin for 7 days, bile duct epithelial cells in the tubular
area showed slight proliferation, and inflammatory lymphocytes were
aggregated; in the liver, levels of hyper binuclear hepatocytes were
increased and slight bleeding occurred (Fig. 1D). These results indicate
that hepatocytes are damaged after acute exposure to T-2 toxin, and the
resulted proliferation is probably inflammatory hyperplasia.

3.3. T-2 toxin promotes the production of pro-inflammatory cytokines in rat
liver

To determine whether T-2 toxin exposure causes hepatic in-
flammation in rats, the mRNA and protein expression of inflammatory
factors was examined. As shown in Fig. 2, the mRNA expression levels
of IL-1f were significantly higher after T-2 toxin exposure for 3 or 7
days (p < 0.05), and the mRNA expression levels of IL-1a, and IL-6
were higher after exposure for 1 day or 7 days (p < 0.05), compared to
the control group. However, the mRNA expression levels of IL-6 were
significantly lower after T-2 toxin exposure for 3 days (p < 0.01). The
expression level of TNF-a significantly increased after T-2 exposure for
1, 3, and 7 days (p < 0.05). The protein levels of IL-1f, IL-6, and IL-11
in the liver were also assessed by immunohistochemical staining, which
showed that the levels of IL-1f and IL-6 were consistent with the trend
of the corresponding mRNA expression. The protein levels of IL-11 in-
creased after T-2 toxin exposure for 3 days (p < 0.05) and 7 days
(p < 0.01). Thus, T-2 toxin exposure caused an inflammatory response
in vivo by accumulating pro-inflammatory factors.

3.4. Analysis of methylation levels of CpG sites in inflammatory cytokine
promoter regions in rat liver under T-2 toxin

The present study used MSP to measure the methylation levels of
CpG sites in IL-11, IL-6, IL-1a, and TNF-a genes promoter region
(Fig. 3). In T-2 exposure groups, the unmethylation levels of IL-11, IL-
la, and TNF-a promoter regions significantly increased compared with
the control (p < 0.01), inducing the expression of these inflammatory
factors. Additionally, the unmethylation level of IL-6 was significantly
higher after T-2 toxin exposure for 1 and 7 days. Using PROMO online
software, the CpG sites of IL-6, IL-11, IL-1a, and TNF-a promoter re-
gions analyzed by MSP method were relevant for transcription factors
(TFs) binding, which was shown in the Supplementary data. These re-
sults indicated that DNA demethylation facilitated the binding of in-
flammatory gene promoters and TFs, thereby leading to the expression
of inflammatory factors in rat liver treated with T-2 toxin.

3.5. T-2 toxin causes abnormal expression of DNA methyltransferases and
affects the genomic 5-mC levels in rat livers

To investigate the role of DNA methylation in the inflammatory
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Fig. 5. T-2 toxin-induced cytotoxicity in BRL cells exhibited by reduced cell viability and increased inflammatory cytokines. (A) BRL cells were treated with T-2 toxin
(0, 2.5, 5, 10, 20, 30, 40, 60 and 80 nM) for 0.5, 1, 2, 4, 8, 12, 24 and 36 h and cell viability was assessed by an MTT cell proliferation assay. (B) After BRL cells were
treated with T-2 toxin (10, 20 and 40 nM) for 4, 8 and 12 h, respectively, the mRNA levels of IL-1f, IL-6, IL-11, TNF-a, and IL-1a were detected by RT-PCR. (C) BRL
cells were exposure to T-2 toxin (10, 20, and 40 nM) for 4, 8, and 12 h, and the protein levels of IL-1B and IL-6 were assessed by Western blot. *p < 0.05,

**p < 0.01, ***p < 0.001 versus control group.

toxicity of T-2 toxin exposure, the expression of DNMT1 and DNMT3A
was examined. Our results demonstrated that mRNA expression levels
of DNMT1 significantly increased after exposure to T-2 toxin
(p < 0.05), and DNMT3A levels significantly increased after exposure

for 3 days (p < 0.05) and 7 days (p < 0.01; Fig. 4A). The protein le-
vels of DNMT1 and DNMT3A in the liver were also assessed by im-
munohistochemical staining, the positive result for which indicated that
DNMT1 and DNMTS3A significantly increased after T-2 toxin exposure
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for 1, 3, 7 days (Fig. 4B and C). Thus, DNA methylation might be an
important mechanism for hepatotoxicity induced by T-2 toxin in rats.
Furthermore, we tested whether T-2 toxin affects the genomic DNA
methylation levels in rat livers. Our results revealed that 5-mC global
levels were significantly higher in livers treated with T-2 toxin than in
the controls (p < 0.05; Fig. 4D).

3.6. Effects of T-2 toxin in BRL cells by MTT

The cytotoxicity of T-2 toxin in BRL cells was determined by the
MTT assay (Liu et al., 2017a). ECso was a standardized endpoint for the
cytotoxicity study. In this study, the results of the MTT assay displayed
a dose-and time-dependent decrease in cell viability that was induced
by T-2 toxin in rat liver BRL cells (Fig. 5A). Considering the state of the
BRL cells and the ECs, results of the MTT assay, the levels of 10, 20 and
40nM for 4, 8 and 12h of exposure time was selected for the sub-
sequent studies.

3.7. T-2 toxin induced high expression of inflammatory cytokines and DNA
methyltransferases in BRL cells

In vitro studies showed that T-2 toxin significantly elevated the ex-
pression of inflammatory factors in BRL cells. As shown in Fig. 5B, the
mRNA expression of IL-1f3, IL-6, IL-11, TNF-a and IL-1a induced by T-2
toxin significantly increased after exposure at doses of 10, 20 and 40 nM
for 4, 8 and 12 h, respectively. This process was dose-dependent, and
the highest mRNA levels of these genes were observed at 40 nM for
12 h. IL-1f and IL-6 are the most important inflammatory factors in the
process of an inflammatory reaction; they are also the main in-
flammatory targets induced by T-2 toxin (Liu et al., 2017a, 2017b).
After the cells were incubated with different concentrations of T-2 toxin
(10, 20 and 40 nM) for 4, 8 and 12 h, IL-1p and IL-6 protein expression
was consistent with mRNA expression (Fig. 5C). These results illustrate
that the large production of inflammatory factors is a mechanism of
cytotoxicity induced by T-2 toxin, which is in agreement with the re-
sults of previous studies in other cells (Liu et al., 2017a).

Additionally, the results in Fig. 6A suggested that the mRNA levels
of DNMT1 and DNMT3A have varying degrees of elevation after BRL
cells were treated with T-2 toxin (10, 20 and 40 nM) for 8 and 12 h. The

relative protein levels of DNMT1 and DNMT3A also elevated in BRL
cells treated with the same concentrations of T-2 toxin (Fig. 6B). These
results indicated that T-2 toxin increased the expression of DNA me-
thylationtransferases, leading to abnormal methylation of genes, such
as those inflammatory factors or genes associated with inflammation.

3.8. Effect of T-2 toxin on DNA methylation and expression of
inflammatory cytokines in vitro

To further determine whether the high expression of inflammatory
factors is related to DNA methylation after exposure to T-2 toxin in BRL
cells, the effect of DAC, a demethylating agent, was examined and bi-
sulfite sequencing (BSP) was applied. Treatment with DAC combined
with T-2 toxin significantly increased the mRNA levels of IL-1f3, IL-6, IL-
11, and TNF-a compared with the T-2 toxin group, while, expression of
IL-1a was not increased significantly (Fig. 7A). We also detected the
protein levels of IL-6 and IL-1f3, and the result was consistent with their
mRNA expression (Fig. 7C). Furthermore, the treatment of DAC com-
bined with T-2 toxin significantly reduced cell viability (Fig. 7B), which
may be related to the increase of inflammatory factors. Importantly, T-2
toxin led to the significant hypomethylation of TNF-a promoter CpG
sites (—1290), and IL-11 promoter CpG sites (—424, —1602, —1644,
—1659), thus promoting the expression of these two genes (Fig. 8).
Moreover, in the DAC combined with T-2 toxin group, the methylation
levels of TNF-a promoter CpG site (—1290) and IL-11 gene promoter
CpG site (—678) were markedly decreased compared with T-2 toxin
alone. Using PROMO online software, the CpG sites of IL-11 and TNF-a
promoter regions analyzed by BSP were related to TFs binding, which
was shown in the Supplementary data. In vitro results further demon-
strated that T-2 induced DNA demethylation of IL-11 and TNF-a pro-
moter, which facilitates the binding of transcription factors to promoter
and up-regulates the expression of IL-11 and TNF-a.

In addition, T-2 toxin did not affect the CpG methylation level of IL-
6, IL-1f and IL-1a in vitro. Notably, although the CpG methylation level
of IL-6 and IL-1f promoter region CpG sites remained unchanged in all
groups, the expression of these genes significantly increased, indicating
DNA demethylation may induce the expression of IL-6 and IL-1 by
affecting other genes or the inflammatory signalling pathways.
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Note: The red arrow indicates the expansion of the nucleus as compared with the control group (A). R1 phase: necrotic cell; R2 phase: terminal apoptosis cell; R3

phase: live cell; R4 phase: early apoptosis cell (B).

3.9. DNA demethylation mediates BRL cell damage induced by T-2 toxin

As shown in Fig. 9A, after treated with T-2 toxin (40 nM) for 12h,
DAPI staining exposed that T-2 toxin caused nuclear enlargement and
chromatin loosening compared with the control group. The results in-
dicate that T-2 toxin may cause cell necrosis. In BRL cells treated for
12 h with DAC combined with T-2 toxin, DAPI staining showed that cell
nucleation was larger, and chromatin was loose compared with the T-2
toxin group. Flow cytometry using annexin V-FITC/PI apoptosis de-
tection revealed that the necrosis rate of BRL cells was higher in the T-2
toxin group (Fig. 9B). The early apoptosis cell proportion in R4 phase
after exposure to DAC combined with T-2 toxin was significantly higher
compared to the T-2 toxin group (p < 0.05; Fig. 9B and C). Taken
together, we found that T-2 toxin might promote the production of
inflammatory factors directly or indirectly through DNA methylation,
leading to cell necrosis and cell apoptosis.

11

4. Discussion

The contamination of T-2 toxin is widespread, and its hepatotoxicity
has attracted increasing amounts of attention (Gan et al., 2018;
Shinozuka et al., 2009). This study revealed for the first time that pro-
inflammatory cytokines and DNA methylation could significantly
trigger T-2 toxin hepatotoxicity. T-2 toxin increased the expression of
pro-inflammatory cytokines IL-1f, IL-6, IL-11, IL-1a, and TNF-a, those
are associated with DNA methylation, causing severe liver injury both
in vivo and in vitro.

The liver is an important target organ of T-2 toxin (Shinozuka et al.,
2009; Smith et al., 2017). For instance, T-2 toxin markedly stimulated
lipid peroxidation, specifically in the livers of rats and decreasing the
amount of cytochrome P-450 of basophilic masses in hepatocytes
(Tsuchida et al., 1984). A single dose of T-2 toxin enhanced conjugated
diene formation in rat livers, which was also related to lipid
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DNMTS3A, thereby disrupting the methylation of gene promoter region, such as
demethylation of inflammatory cytokine promoter region, which leads to the
high expression of inflammatory factors and ultimately leads to apoptosis or
necrosis.

peroxidation (Chang et al., 1988). Further, high doses of T-2 toxin are
known to decrease protein synthesis and mono-oxygenase activities in
the rat liver (Guerre et al., 2000). Previous studies mainly focused on
oxidative stress, lipid peroxidation and apoptosis to explore the liver
injury caused by T-2 toxin (Sehata et al., 2005). However, the role of
inflammation in the hepatotoxicity related to T-2 toxin was unclear.
This study showed that T-2 toxin caused infiltration of neutrophils and
lymphocytes in the rat liver portal area, and liver cells exhibited in-
flammatory hyperplasia, which were symptoms of inflammatory toxi-
city caused by T-2 toxin (Fig. 1). Moreover, T-2 toxin-induced an in-
crease in the expression of pro-inflammatory cytokines (IL-18, IL-6, IL-
11, IL-1a, and TNF-a), which can lead to liver injury (Meszaros et al.,
2017). Taken together, these results indicate the production of pro-in-
flammatory cytokines is a critical mechanism of T-2 toxin-mediated
liver injury.

Importantly, this study revealed that T-2 toxin up-regulated the
expression of pro-inflammatory cytokines through DNA demethylation,
resulting in cell damage. Although there are many inflammatory studies
of T-2 toxin (Liu et al., 2017b; Zhou et al., 2014), but very few studies
investigated the role of DNA methylation in T-2 toxin-induced in-
flammation. Herein, our in vivo studies showed that demethylation of
IL-6, IL-11, IL-1a, and TNF-a gene promoter region were observed in
rat liver after administration of T-2 toxin. It might cause TFs (Pax-6,
DSXF, DSXM, MYB2, TAF; AP-1, c-Fos; Pax-6, Pax-8, ZF5, E2F-1, Pax-
4a; c-Rel, STAT5B, Pax-6, Pax-2a, HSF1) (shown in Supplementary
data) to bind to IL-6, IL-11, IL-1a and TNF-a promoter regions, re-
spectively, and promotes the expression of inflammatory genes. In vitro
study, the methylation level of the TNF-a gene dropped substantially at
one CpG site (—1290) in T-2 toxin-exposed BRL cells, and sequences
containing this site might be the binding site of TFs such as CREB, Jun-
B, c-Jun, Pax-2a (shown in Supplementary data), regulating TNF-o
expression. These results suggested that the demethylation levels at
CpG sites enhanced the transcription activity of the TNF-a gene to some
extent (Kaut et al., 2014; Zhang et al., 2016). Administration of T-2
toxin combined with DAC led to slightly lower TNF-a gene methylation
levels at the CpG site compared to T-2 toxin alone (Fig. 8), which is
consistent with results where the DAC and T-2 toxin combination
produced an extremely significant increase in expression of TNF-a
(Fig. 7A) and the rate of cell death (Fig. 9). Therefore, T-2 toxin can
promote TNF-a expression by hypomethylation of TNF-a promoter.

Additionally, our results from in vitro studies demonstrated that T-2
toxin promoted high expression levels of the IL-11 gene by promoter
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demethylation at six CpG sites, and sequences containing these CpG
sites might be the binding site of TFs such as CREB Zicl and Zic3
(shown in Supplementary data), indicating demethylation of IL-11
promoter region induced the binding of TFs and promoters, and thus
promotes the expression of IL-11. Treatment with DAC and T-2 toxin
combined significantly promoted the production of IL-11, which in turn
suggests that DNA methylation can mediate IL-11 expression. Exploring
the expression mechanism of TNF-a and IL-11 from the perspective of
DNA methylation will provide a new therapeutic strategy for its related
diseases and T-2 toxin toxicity.

Interestingly, our study showed that DNA demethylation might in-
duce the expression of IL-6 and IL-1f3 under T-2 toxin treatment. There
are differences in gene methylation under different treatments in var-
ious models (De Smedt et al., 2018). For instance, in LPS-stimulated
broiler peripheral blood mononuclear cells, methionine increased the
methylation of 191 CpG sites of IL-6 promoter region, and thus de-
creased the IL-6 expression level (Shen et al., 2017). However, LPS
decreased methylation level of specific CpG sites at the IL-6 promoter in
bovine endometrial cells (at 366 and 660 sites) after 24 h and increased
IL-6 mRNA expression (Wang et al., 2018a). In CD34+ /CD38-acute
myeloid leukemia (AML) cells from patients, methylation-specific PCR
found that IL-1f gene expression was silenced by hypermethylation of
the promoter region (Yang et al., 2013); however, LPS decreased the
methylation level of the IL-1B gene promoter and increased in-
tracellular IL-13 production in aged mice (Matt et al., 2016). Ad-
ditionally, current studies have shown that the expression of IL-6 and
IL-1P is closely related to non-CpG methylation (Dinicola et al., 2017;
Fuso et al., 2016; Nicolia et al., 2017). In our in vitro study, there was no
significant change in the CpG methylation level of IL-6 and IL-1f pro-
moters in any treatment groups, which is consistent with the results of
exposure to T-2 toxin in vivo for 3 days. Surprisingly, administration of
DAC combined with T-2 toxin led to high expression of IL-6 and IL-1(3
compared with T-2 toxin alone (Fig. 7). We speculate that the non-CpG
demethylation (CpC, CpT, CpA, etc) of IL-6 and IL-1 promoters or
other genes regulated by DNA demethylation may induce the expres-
sion of IL-6 and IL-1(3 genes under T-2 toxin treatment (Dinicola et al.,
2017; Yuan et al., 2016; Zhang et al., 2018b).

Very few studies revealed that DNA methyltransferases could
mediate trichothecenes-induced toxicity. A recent study showed that
deoxynivalenol exposure altered DNMT3A mRNA levels, thus in-
creasing DNA methylation levels in porcine oocytes (Han et al., 2016).
In our study, T-2 toxin increased the expressions of DNMT1 and
DNMT3A in rat livers (Fig. 4A). These genes were mainly concentrated
in the proliferative sites and inflammatory cell infiltrates in the lobular
duct of the liver (Fig. 4B), indicating that DNA methyltransferase is a
potential novel inducible factor of T-2 toxin inflammatory toxicity
(Nakamura et al., 2017). Meanwhile, T-2 toxin increased the global
levels of 5-mC in rat livers (Fig. 4D), which positively correlated with
increased expression of DNA methyltransferase (Page et al., 2016).
These results suggest that the abnormal expression of DNA methyl-
transferases is closely related to T-2 toxin-induced liver inflammatory
injury. T-2 toxin-induced increase of the whole 5-mC gene may be a
‘protective stress mechanism’, considering that DAC can decrease the
level of 5-mC (Shakya et al., 2013), and the treatment of DAC combined
with T-2 toxin aggrandized the degree of cell damage with the higher
rate of cell apoptosis and death compared to T-2 toxin alone (Fig. 9).

In conclusion, exposure to T-2 toxin resulted in basic lesions of liver
cell degeneration, necrosis, inflammatory cell infiltration, and liver cell
proliferation, as well as the expression of pro-inflammatory cytokines,
where DNA unmethylation mediates the high expression of in-
flammatory cytokines (Fig. 10). Additionally, T-2 toxin may also reg-
ulate DNMTs, and thus disrupts the methylation level of inflammatory
genes (Lu et al., 2019). However, the conclusion does not provide a
possible molecular mechanism for the epigenetic effect of T-2 toxin. We
speculate that T-2 toxin-induced inflammatory-related transcription
factors, such as nuclear factor-kappa B (NF-kB) (Bhatt and Ghosh, 2014;
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Liu et al., 2017a) are responsible for demethylation of the promoter of
the inflammatory genes (Pacis et al., 2019; Wu and Zhang, 2017).
Further studies to prove the above hypothesis are still warranted.
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