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Objective: Fusarium mycotoxins deoxynivalenol (DON) and zearalenone (ZEN), common
contaminants in the feed of farm animals, cause immune function impairment and organ infla-
mmation. Consequently; the main objective of this study was to elucidate DON and ZEN effects
on the mRNA expression of pro-inflammatory cytokines and other immune related genes in the
kidneys of piglets.

Methods: Fifteen 6-week-old piglets were randomly assigned to three dietary treatments for 4
weeks: control diet, and diets contaminated with either 8 mg DON/kg feed or 0.8 mg ZEN/kg
feed. Kidney samples were collected after treatment, and RNA-seq was used to investigate the
effects on immune-related genes and gene networks.

Results: A total of 186 differentially expressed genes (DEGs) were screened (120 upregulated
and 66 downregulated). Gene ontology analysis revealed that the immune response, and cellular
and metabolic processes were significantly controlled by these DEGs. The inflammatory stimul-
ation might be an effect of the following enriched Kyoto encyclopedia of genes and genomes
pathway analysis found related to immune and disease responses: cytokine-cytokine receptor
interaction, chemokine signaling pathway, toll-like receptor signaling pathway, systemic lupus
erythematosus (SLE), tuberculosis, Epstein-Barr virus infection, and chemical carcinogenesis.
The effects of DON and ZEN on genome-wide expression were assessed, and it was found that
the DEGs associated with inflammatory cytokines (interleukin 10 receptor, beta, chemokine
[C-X-C motif] ligand 9, CXCL10, chemokine [C-C motif] ligand 4), proliferation (insulin like
growth factor binding protein 4, IgG heavy chain, receptor-type tyrosine-protein phosphatase
C, cytochrome P450 1A1, ATP-binding cassette sub-family 8), and other immune response
networks (lysozyme, complement component 4 binding protein alpha, oligoadenylate synthetase
2, signaling lymphocytic activation molecule-9, a-aminoadipic semialdehyde dehydrogenase, Ig
lambda chain ¢ region, pyruvate dehydrogenase kinase, isozyme 4, carboxylesterase 1), were
suppressed by DON and ZEN.

Conclusion: In summary, our results indicate that high concentrations of DON and ZEN sup-
press the inflammatory response in kidneys, leading to potential effects on immune homeostasis.
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INTRODUCTION

Fusarium mycotoxins produced by different fungal species are common contaminants of food and
feed ingredients. According to Shephard et al [1], 25% of the worldwide crop production is con-
taminated with mycotoxins. Mycotoxin ingestion is considered a severe health problem for both
humans and animals. High concentrations of mycotoxins in feed cause major adverse effects;
although in a number of cases, mycotoxin levels are too low to produce immediate clinical symp-
toms. Chronic-level exposure of farm animals to mycotoxins generally results in reduced growth
rate, reproductive problems, and increased incidences of different non-infectious and infectious
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diseases, the latter mostly due to repression of the immune func-
tion [2] Fusarium mycotoxins are a root cause of substantial
economic losses in animal husbandry. Moreover, severe health
problems, including severe gastrointestinal tract diseases and
malignant tumors, have been reported in both animals and hu-
mans, due to long-term exposure to mycotoxins in the diet [3].

Deoxynivalenol (DON) and zearalenone (ZEN) are the most
common Fusarium mycotoxins, which are commonly spreading
contaminants in animal feed, mostly cereals and forages. These
two mycotoxins are characteristically constant under varying
environmental conditions and have been identified to cause a
diversity of toxic effects in humans, farm animals, and experimen-
tal animals. Pigs are more sensitive to DON and ZEN exposure
than most other species, partly because of species-specific differ-
ences in the metabolism of DON and ZEN [2].

DON can cause toxic effects in a variety of cell systems and
various animal species, causing changes in immune cell function,
dysregulation of the humoral immune response, and reduced
host resistance toward pathogens [4]. DON is also the reason for
cytotoxicity to fibroblasts, reticulocytes, and lymphocytes. DON
inhibits cell division rate, and RNA and DNA synthesis by bind-
ing to ribosomes [5]. At low exposure concentrations, DON
upregulates the expression of cytokines and inflammation-related
genes, with simultaneous immune stimulation; however, at high
exposure, it causes leucocyte apoptosis together with immune
suppression [6].

ZEN exhibits strong estrogenic and anabolic activities, causing
significant changes in the reproductive system of domestic and
laboratory animals [7]. This results from the capacity of ZEN to
bind to the estrogen receptors, leading to hyperestrogenism in
various animal species, particularly pigs [8]. Once it enters the
body, it is primarily metabolized in the liver, which appears to be
one of the major targets of this toxin [9]. ZEN also shows many
genotoxic and cytotoxic problems in vitro or ex vivo, and is poten-
tially carcinogenic [10]. ZEN is also known to be immunotoxic;
however, its function in the inflammatory response is not yet fully
understood. ZEN functions as both inductor and suppressor of
inflammatory cytokine production [2].

According to the previous research reports of the DON and
ZEN effects on pigs; in the present study we are using higher toxic
levels of 8 mg DON/kg and 0.8 mg ZEN/kg feed, respectively,
for 4 weeks treatment. To the best of our knowledge, there is no
RNA-transcriptome studies were focused on DON and ZEN
treated pigs kidney samples. Therefore, in the present study, we
perform an RNA-transcriptome analysis for the profiling of gene
expression patterns in the kidney samples of control, DON, and
ZEN dietary pigs. The RNA-transcriptome analysis would help
gain insights into the effects of mycotoxins on the immune- and
metabolism-related genes. Identification of the gene expression
patterns of various biological processes is significant to under-
standing the effect of DON and ZEN ingestion. In addition,
potential marker genes and affected pathways should be iden-
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tified and examined to obtain a better understanding of how
chronic levels of DON and ZEN-polluted feed affect the kidney
function in pigs.

MATERIALS AND METHODS

Ethics statement

The protocols for the animal experimental procedures were re-
viewed and approved by the Institutional Animal Care and Use
Committee of the National Institute of Animal Science (No. 2015-
147).

Animal exposure to DON and ZEN, and the experimental
design

The present study was carried out with 15 male castrated 6-week-
old male piglets (~19 kg) purchased from a commercial pig farm.
Each piglet was housed in a separate pen (21 mx14 m). The pig-
lets were allowed to adjust for 1 week to their new housing at
25°C+1°C, then assigned to three groups, such as control, DON
and ZEN groups (5 piglets/group), with roughly equal total weight
per group. The piglets were given a standard diet to meet their
nutrient requirements [11], to which, the mycotoxins DON and
ZEN were added. Commercially available DON and ZEN pow-
ders were properly mixed into the diet at 8 mg/kg and 0.8 mg/kg,
respectively, in the form of purified toxin (Biomin Singapore Pte.
Ltd., Singapore). The control feeds, DON- and ZEN- contam-
inated feeds, and water were provided ad libitum throughout the
4-week experimental period.

Mycotoxin analysis

DON and ZEN contents were analyzed in DON and ZEN mixed
corn feeds by using ultra performance liquid chromatography
(UPLC). A homogenized DON mixed grain sample (1 g) was
extracted with 20 mL of distilled water and shake for 30 min, and
for ZEN mixed corn sample (1 g), add 0.5 g of NaCl and 20 mL
acetonitrile (ACN) then shake for 1 hour. After filtering the ex-
tract through a Whatman paper (No. 1), 5 mL of DON mixed
filtrate sample was diluted in 20 mL of phosphate buffer saline
(PBS), and 5 mL of ZEN mixed grain filtrate sample diluted in
20 mL of 1% tween 20 solution. DON and ZEN mixed extract
samples were loaded separately onto the appropriate immuno-
affinity chromatography columns. The DON mixed sample loaded
columns were allowed for completely dried and washed with
10 mL of PBS and distilled water in the order, and then eluted
with 0.5 mL of MeOH and 1.5 mL of ACN. In the case of ZEN,
the column washed with 10 mL of distilled water, then eluted with
1.5 mL of MeOH. Elutes were dried under N, gas and dissolved
in 1 mL of 50% MeOH then filtered by using a 0.2 pm syringe
filter, and to be injected into UPLC (Water Acquity UPLC H Class
Milford, MA, USA). The photodiode array and fluorescence de-
tector detector were used for DON and ZEN, respectively. The
Waters Acquity UPLC BEH C,; column (2.1x100 mm, 1.7 pm
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particle size) was used for both analyses. We found that, the
amounts of DON and ZEN in mixed corn feed were very close
to the original concentrations (8 mg DON/kg feed and 0.8 mg
ZEN/kg feed). There are no DON and ZEN contaminations were
observed in the control feed sample.

Sampling and processing

After 4 weeks of treatment, all control and DON- and ZEN-treated
piglets were killed by an anesthetic overdose, using a combina-
tion of barbiturates and pentobarbital. Immediately after the
cardiac attest, kidney samples were collected and rapidly frozen
in liquid nitrogen, and stored at —-80°C for subsequent analysis.

RNA extraction, mRNA library construction, and
sequencing analysis

To construct cDNA libraries from kidney samples, RNA samples
were isolated using the TruSeq RNA library kit and purified with
Maxwell 16 LEV simply RNA Purification Kit (Promega, Madi-
son, WI, USA), as per the manufacturer's instructions. Initially,
the poly-A containing mRNA molecules were purified using
poly-T oligo-attached magnetic beads. Post-purification, the
mRNA molecules were fragmented into small pieces using diva-
lent cations at ambient temperature. The cleaved RNA fragments
were copied into first strand cDNA using reverse transcriptase
and random primers. This was followed by second strand cDNA
synthesis using DNA polymerase I and RNase H. These cDNA
fragments then went through an end repair process, the addition
of a single ‘A’ base, and finally, the ligation of the adapters. The
products were then purified and enriched with polymerase chain
reaction to construct the final cDNA library. An RNA-seq library
was constructed, and sequencing for each kidney sample was
carried out based on protocols for an Illumina HiSeq2000 to
generate 90 pair-end reads. The quality of the RNA-seq reads
from all kidney samples was checked using FastQC. All the reads
passed the quality control checks and were mapped to Sus scrofa
from the UCSC using TopHat2 (v2.0.2) and counted using HTseq
(v0.5.3p3).

Identification of differentially expressed genes from the
control, DON, and ZEN dietary groups

edgeR was used to recognize the differentially expressed genes
(DEGs) between the control and DON and ZEN treatment groups
[12]. edgeR is designed to analyze replicated count-based expre-
ssion data and is based on a negative binomial model. Cox-Reid
profile methods were used to estimate the dispersion for the
pairwise comparisons between control and DON, control and
ZEN, and DON and ZEN treatment groups. This was followed
by the rest of Cox-Reid common volume dispersion process and
statistical analysis, similar to our previous published study [13].

Functional annotation of DON and ZEN differentially
expressed genes
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The pig Ensembl gene IDs were transformed into official gene
symbols by cross-matching with the human Ensembl gene IDs
and official gene symbols. The official gene symbols for human
homologous of pig DEGs were used for functional clustering and
enrichment analysis using the Database for Annotation, Visuali-
zation, and Integrated Discovery (DAVID) [14]. The expression
of functional groups in DON and ZEN treatments relative to the
whole genome was studied using the Expression Analysis Sys-
tematic Explorer (EASE) tool within DAVID, which is a modified
Fisher's exact test to measure the enrichment of gene ontology
(GO) terms. The DON and ZEN treatment DEGs were used to
recognize the Kyoto encyclopedia of genes and genomes (KEGQ)
pathways within DAVID. To identify the enriched GO terms,
functionally clustered genes were filtered by an EASE value of
0.01 and preferred.

Statistical analysis

All sample data are expressed as meantstandard error of the
mean. Analysis of variance and t-test were carried out to examine
the statistical differences between control and mycotoxin dietary
groups for all the analyzed parameters. Further variations be-
tween means were determined by the least square difference
Fisher procedure. Values of p<0.05 were considered significant.

RESULTS

Identification and analysis of differentially expressed
genes

To study the volume dispersion and the expression profile varia-
tions of genes in the pig kidney tissue for each dietary treatment
group, DEGs were identified by comparing the expression of the
control to DON and ZEN treatments (Supplementary Figure S1).
We found a total of 343 DEGs. Out of these, 120 (72 upregulated
and 48 downregulated), 66 (35 upregulated and 31 downregu-
lated), and 157 (67 upregulated and 90 down regulated) DEGs
were obtained by the comparison of DON and control, ZEN and
control, and DON and ZEN, respectively (false discovery rate
<0.01, fold change >2 and p<0.05, Figure 1). We also illustrated a
two-way hierarchical clustering dendrogram for gene expression
(log fold change [FC] >2) among DON, ZEN, and the control,
which clearly demonstrated that the number of upregulated genes
was a little higher than that of downregulated genes in both the
dietary treatment groups (Supplementary Figure S2). The expre-
ssion analysis of DON and ZEN transcripts, comparing each
pairwise grouping, is shown in Supplementary Figure S3. The
expression level, fold change, p-value, and annotation of DON
and ZEN treatment groups for all 23,066 genes identified (data
not shown). Owing to the similarity of DON and ZEN Fusarium
mycotoxin effects, the RNA-seq data from both DON and ZEN
treatment group DEGs were pooled for further analysis.

Gene ontology and the functional annotation of
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Figure 1. The number of up- and downregulated differentially expressed genes (DEGs) among the control, deoxynivalenol (DON), and zearalenone (ZEN) groups. The Y-axis
represents the up- and downregulation of DEGs between control kidneys vs mycotoxin-treatment group kidneys. The X-axis represents the total number of transcripts (DEGs for each

pairwise comparison were selected at fold change >2 and p<0.05).

differentially expressed genes

For both DON and ZEN treatment groups, significant DEGs were
subjected to GO analysis and compared with the control DEGs.
The biological process GO for kidney tissue DEGs of DON- and
ZEN-treated pig compared with the control group, are shown
in Table 1. The top three biological process GO terms of the DEGs
in DON and ZEN were, immune response (p = 0.002), chemo-
kine mediated signaling pathway (p = 0.001), and inflammatory
response (p = 0.025). The top three molecular function GO terms
are chemokine activity (p = 0.001), phosphatidylcholine trans-
porter activity (p = 0.007), and heme binding (p = 0.015). Finally,
the top two cellular components of GO terms were extracellular
spaces (p = 4.5x107°) and extracellular region (p = 0.003).

Identification of the inflammatory and proliferation-

related differentially expressed genes

We identified many significant up- and downregulated DEGs,
which were inflammatory response-related, immune-related, and
disease-associated genes, in both DON and ZEN treatment
groups. Some of the significant up- and downregulated genes and
their biological processes are listed in Table 2. Some of the im-
portant genes related to immune response and proliferation genes,
such as cytochrome P450 1A1 (CYPIA1I), histone H2B type 1
(HIST1H2BC), kinesin family member 20A (KIF20A), immu-
noglobulin G heavy chain (IgH), myomesin-2-like (MYOM2),
and stathmin 1 (STMN1), were upregulated. However, the ma-
jority of the DEGs associated with immune response, proliferation,
and cytokine networks, were suppressed in both DON and ZEN
dietary treatment groups, including interleukin 10 receptor beta
(IL10RB), chemokine (C-X-C motif) ligand 9 (CXCL9), chemo-

Table 1. Top biological process GO terms of DEGs, obtained from the comparison between the control group and DON- and ZEN-treated groups

Name GO ID" Term? Count”  Genes” p-value
Biological_process  G0:0006955  Immune response 4 0AS2, CXCL9, CXCL10, CCL4 0.002
Biological_process ~ G0:0065007 Biological regulation 6 CXCLY, IGFBP4, LOC100525546, LOC102158107, C4BPA, PLTP 0.007
Biological_process  G0:0006954  Inflammatory response 3 CCL4, CXCL9, CxcLio 0.007
Biological_process  G0:0023052  Signaling 2 CXCLY, IGFBP4 0.008
Biological_process  G0:0070098  Chemokine-mediated signaling 3 CXCL1o, CXCl9, ccL4 0.009
Biological_process  G0:0051607  Defense response to virus 3 0AS2, CXCLY, CXCL10 0.019
Biological_process  G0:0050789 Regulation of biological process 6 CXCLY, IGFBP4, LOC100525546, LOC102158107, C4BPA, PLTP 0.016
Biological_process  G0:0043170  Macromolecule metabolic process 4 IGFBP4, LOC100525546, LOC102158107, C4BPA 0.013
Biological_process  G0:0007154  Cell communication 2 CXCLY, IGFBP4 0.005
Biological_process  G0:0006807 Nitrogen compound metabolic process 2 CXCLY, CYP1AT 0.012
Biological_process  G0:0007165  Signal transduction 2 CXCLY, IGFBP4 0.012
Biological_process  G0:0050794 Regulation of cellular process 6 CXCLY, IGFBP4, LOC100525546, LOC102158107, C4BPA, PLTP 0.023
Biological_process  G0:0009058  Biosynthetic process 2 PLTR CYPIAT 0.028
Biological_process  G0:0044260 Cellular macromolecule metabolic process 4 IGFBP4, LOC100525546, LOC102158107, C4BPA 0.028

GO, gene ontology; DEGs, differentially expressed genes; DON, deoxynivalenol, ZEN, zearalenone.

"'Gene ontology ID of the biological process. ” Name of the biological term.

¥ Number of significant genes which are involved in biological terms. ¥ Name of the genes which are involved in the particular biological term.
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Table 2. Up- and downregulated genes in the kidney samples of DON (8 mg/kg) and ZEN (0.8 mg/kg) dietary treatment groups of piglets

Log2 FC

Gene name Description Up/Down p-value  Biological process

KIF20A Kinesin family member 20A +2.11 0.045  Mitotic cytokinesis

CYPTAT Cytochrome P450 1A1 +2.01 0.043  Toxin metabolic process

IgH IgG heavy chain +8.43 0.021  NF-kappa B signaling pathway

BTD Biotinidase +2.50 0.04  Nitrogen compound metabolic process

HBM Hemoglobin subunit mu +2.18 0.026  Extracellular exosome

HISTTH2BC  Histone H2B type 1 +2.10 0.012  Innate immune response

CES Liver carboxylesterase +6.20 0.040  Carboxylic ester hydrolase activity

MYOM2 Myomesin-2-like +2.51 0.048  Regulatory mechanisms for expression quantity and temporal appearance
STMN1 Stathmin 1 +2.23 0.049  Reason for various cancers

ILTORB Interleukin 10 receptor, beta -2.10 0.031  Cytokine-cytokine receptor interaction

CXCL9 Chemokine (C-X-C motif) ligand 9 -3.27 0.017  Inflammatory response

cxcLio Chemokine (C-X-C motif) ligand 10 -2.37 0.029  Inflammatory response

Lyz Lysozyme -2.43 0.031  Lysozyme activity

CESt Carboxylesterase 1 -5.61 0.000  Hydrolysis of xenobiotics and drugs

ABCB8 ATP-binding cassette sub-family 8 -2.27 0.032  Pathologies associated, lipid transport

ccl4 Chemokine (C-C motif) ligand 4 -2.14 0.030  Inflammatory response

ALDH7A1 a-aminoadipic semialdehyde dehydrogenase -2.03 0.025  Detoxification of aldehydes

C4BPA Complement component 4 binding protein a -2.10 0.019  Response to immune system

CYP2B22 Cytochrome P450 2B22 -2.38 0.034  Transport, and catabolism,

IGFBP4 Insulin like growth factor binding protein 4 -2.03 0.0001  Regulation of cell growth

MYOM2 Myomesin-2 -2.07 0.025  Immunoglobulin subtype

PLTP Phospholipid transfer protein -2.00 0.017  Lipid metabolic process

SQRDL Sulfide quinone reductase-like -2.31 0.033  Oxidoreductase activity

THBS4 Bospondin-4 -4.11 0.0001  Phagosome activity

CYP4X1 Cytochrome P450 4X1 -2.51 0.049  Neurovascular function in the brain

CYP4A24 Cytochrome P450 4A24 -3.20 0.029  catalytic activity of lauric acid and palmitic acid
0AS2 Oligoadenylate synthetase 2 -2.72 0.049  Immune response

PTPRC Receptor-type tyrosine-protein phosphatase C -2.09 0.030  Regulate a cell growth, and oncogenic transformation.
IgH I9G heavy chain -10.14 0.023  NF-kappa B signaling pathway,

IGLCT Ig lambda chain c region —6.15 0.027  Play in diseases such as cancer and diabetes
ANGPTL4 Angiopoietin-like 4 -2.20 0.041  Negative regulation of endothelial cell apoptotic process
PDK4 Pyruvate dehydrogenase kinase, isozyme 4 -2.49 0.035  Positive regulation of defense response
SLAM9 Signaling lymphocytic activation molecule-9 -2.68 0.035  Play a role in the immune response

DON, deoxynivalenol; ZEN, zearalenone; FC, fold change.

kine (C-X-C motif) ligand 10 (CXCL10), chemokine (C-C motif)
ligand 4 (CCL4), a-aminoadipic semialdehyde dehydrogenase
(ALDH7A1I), complement component 4 binding protein alpha
(C4BPA), insulin-like growth factor binding protein 4, oligoad-
enylate synthetase 2 (OAS2), receptor-type tyrosine-protein
phosphatase C (PTPRC), IgH, angiopoietin-like 4 (ANGPTL4),
pyruvate dehydrogenase kinase, isozyme 4, and signaling lym-
phocytic activation molecule-9.

KEGG pathway analysis of DON and ZEN dietary group
differentially expressed genes

The GO enrichment analysis was carried out using the DAVID
software and knowledgebase to capture the enriched biological
terms from the DEGs of both mycotoxin-treated groups. KEGG
pathway analysis of DON and ZEN group DEGs showed that
the DEGs were mainly clustered into immune response-related,
disease-related, metabolism-related, and other pathways. The
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majority of the pathways obtained from the comparison of DON
and ZEN dietary group with the control group were linked with
inflammatory and disease pathways (Table 3). The inflammatory
response pathways include cytokine-cytokine receptor inter-
action (p = 0.015), chemokine signaling pathway (p = 0.044),
and toll-like receptor signaling pathway (p = 0.024). Some disease-
associated pathways, such as chemical carcinogenesis (p = 0.022),
retinol metabolism (p = 0.020), SLE (p = 0.037), tuberculosis (p
=0.043), and Epstein-Barr virus infection (p = 0.048), were also
identified. In addition, metabolic pathways (p = 0.008), PI3K-
Akt signaling pathway (p = 0.016), tryptophan metabolism (p
=0.015), phagosome (p = 0.044), and steroid hormone biosyn-
thesis (p = 0.019) were identified.

DISCUSSION

The contamination of animal feed with DON and ZEN is a uni-



Reddy et al (2018) Asian-Australas J Anim Sci 31:138-148

AJAS

Table 3. Various KEGG pathways observed in the kidney samples of DON- and ZEN-contaminated dietary treatment groups of piglets

KEGG ID" KEGG map name? Count” Gene names” p-value
04060 Cytokine-cytokine receptor interaction 4 CCL4, CXCL9, CXCL10, IL10RB 0.015
01100 Metabolic pathways 4 ALDH7A1, CES1, CYPIAT, CYP2B22 0.008
04062 Chemokine signaling pathway 3 CXCLY, CXCL10, CCL4 0.044
04620 Toll-like receptor signaling pathway 3 CCL4, CXCLY, cXCL10 0.024
00380 Tryptophan metabolism 3 ALDH7AT, CYPTAT, CYP2B22 0.015
05152 Tuberculosis 2 IL10RB, IgH 0.043
05169 Epstein-Barr virus infection 2 IgH, IL10RB 0.048
05204 Chemical carcinogenesis 2 CYP1A1, CYP2B22 0.022
05322 Systemic lupus erythematosus 2 HIST1H2BC, IgH 0.037
04145 Phagosome 2 IgH, THBS4 0.044
04151 PI3K-Akt signaling pathway 2 THBS4, IgH 0.016

KEGG, Kyoto encyclopedia of genes and genomes; DON, deoxynivalenol, ZEN, zearalenone.
" KEGG pathway IDs in DON and ZEN treatment groups. > Name of the KEGG pathway which is identified in DON and ZEN treatment groups.
¥ Number of significant genes which is involved in KEGG pathways. * Name of the genes which are involved in the particular KEGG pathways.

versal problem, given the capacity of the fungus that synthesizes
DON and ZEN to grow in any environmental condition [2]. DON
and ZEN contamination of food and feed has been frequently
linked with substantial effects on human and animal health. To
date, very little is known about the effects of DON and ZEN on
the transcriptional levels in farm animals. Therefore, we used an
RNA-seq approach to assess the effects of DON and ZEN on the
universal transcriptome expression in the kidneys of pigs fed
DON- and ZEN-contaminated diets for 28 days. The analysis and
inference of RNA-seq data depends largely on the ultimate goal
of the study, which, in this case, was to examine differential gene
expression. The RNA-seq data illustrated a wide range of expres-
sion levels in the kidney samples, which are stable and reliable
in the DON and ZEN dietary treatments. Detection of genes
and pathways altered by dietary Fusarium toxins might lead to
improved diagnostic, treatment, and prevention strategies for
mycotoxicosis.

The RNA-seq data for DON and ZEN showed genes that had
an altered profile compared with the control group. Of these genes,
107 were upregulated and 79 were downregulated. Some of the
significant up- and downregulated genes and their roles are listed
in Table 2. In this study, both mycotoxins were found to affect
the immune system, cell proliferation, and cytokine networks.
Here, we elucidate some of these significantly affected up- and
downregulated genes. However, comparable studies in pigs are
not available for each gene, which are needed for further anal-
ysis of the obtained results. The RNA-seq screening revealed a
significant number of up- and downregulated genes. Increased
gene expression was observed in KIF20A (FC: 2.11), CYPIAI
(FC: 2.01), IgH (FC: 8.43), HIST1H2BC (FC: 2.10), and STMNI
(FC: 2.23). KIF20A is a protein-coding gene, which is necessary
for the chromosome passenger complex-mediated cytokinesis.
The GO annotations for this gene are connected to protein kinase
binding and ATPase activity, and it is also associated with im-
mune system pathways and vesicle-mediated transport [15]. The
CYPIA1I protein is a monooxygenase; it catalyzes a variety of

structurally unrelated compounds such as xenobiotics, and is
involved in drug metabolism. This gene is associated with the
diseases Ehrlich tumor carcinoma and lung squamous cell carci-
noma [16]. IgH is the large polypeptide subunit of an antibody.
It recognizes foreign antigens and initiates immune responses
such as phagocytosis and induces the complement system. IgH
is linked with follicular lymphoma 1 and mantle cell lymphoma,
in addition to the immune response mediated by DAP12 recep-
tors in NK cells and immune response Fc epsilon RI [17]. Similar
to our results, Butler and Wertz [18] also found that IgH gene
expression in piglets is related to the immune response toward
various stress conditions. HISTIH2BC is a protein-coding gene,
which plays a major role in antifungal, antibacterial, and antimi-
crobial activities. Tollin et al [19] found that this gene participates
in human colonic defense against microbes and fungi. The STMN1
gene is a phosphoprotein that regulates several important cellular
functions. The increased expression of STMN1I has been observed
in many human cancers and confers a poor prediction. According
to Cheng et al [20], the upregulation of STMNT is seen in primary
nasopharyngeal carcinoma, and its expression has been linked
with the recurrence and advanced stages of the disease. Many
groups have demonstrated that the inhibition of this gene might
partly reverse the malignant phenotype.

Using the RNA-seq data, we also recognized some of the sig-
nificantly downregulated genes associated with inflammatory
response, cell proliferation, and cytokine networks. The expres-
sion of ILIORB (FC: -2.10) was downregulated. It is an important
anti-inflammatory marker of cytokine signaling gene and is en-
coded by the cytokine receptor family. It is an accessory chain,
necessary for the active interleukin 10 receptor complex. Co-
expression of ILI0RB gene has been shown to be essential for
IL10-induced signal transduction. Diseases linked with ILIORB
comprise inflammatory bowel disease, and autosomal recessive
and early-onset colitis. ILI0ORB is associated with the immune
system pathways and Jak/STAT signaling pathway [21]. Similar
to our results, a significant downregulation of IL10 was observed
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in the liver samples of ZEN-fed pigs [22]. Downregulated CXCL9
and CXCL10 genes (FC: -3.27 and FC: -2.37, respectively) en-
code small cytokines related to the CXC chemokine family. These
two genes have many functions, including chemoattraction for
monocytes, NK cells, and T cells, promotion of T cell adhesion
to endothelial cells, antitumor activity, and inhibition of bone
marrow colony formation and angiogenesis [23]. CXCL9 and
CXCL10 are associated with pathways involving G protein-coupled
receptor and peptide ligand-binding receptors. According to
Altara et al [24], CXCL9 and CXCLI0 are suitable biomarkers
for the development of heart failure and left ventricular dysfunc-
tion in humans. CCL4 (FC: -2.14) is also a chemokine protein,
which is a chemoattractant for natural killer cells, monocytes, and
a variety of other immune cells; it gets secreted and has chemoki-
netic and inflammatory functions. CCL4 is associated with human
immunodeficiency virus 1 and meningitis; it is linked with the
immune system and toll-like receptor signaling pathways. Jo-
hannes et al [25] reported that CCL4 modulates cell death and
survival and immunological and hematological diseases, in various
animals fed DON- and ZEN-contaminated feed. In the present
study, we found that the lysozyme (LYZ) enzyme was significantly
downregulated (FC: -2.43); it is an antimicrobial enzyme pro-
duced by animals, and is found in the spleen, kidney, plasma, and
other tissues. LYZ is mainly involved in the innate immune sys-
tem, and is associated with amyloidosis and familial visceral
diseases. It is related to the immune system and salivary secre-
tion pathways.

Insulin like growth factor binding protein 4 (IGFBP4; FC:
-2.03) is a unique gene, which frequently inhibits numerous can-
cer cells in vivo and in vitro. Its inhibitory action has been exhibited
in vivo in prostate and colon cancer. IGFBP4 protein is secreted
by most of the colon cancer cells. This gene is linked with the
diseases involving insulin-like growth factor and renal osteodys-
trophy, and is associated with the pathways of 3-catenin-dependent
Wnt signaling and myometrial relaxation. According to Shen and
Singh [26], IGFBP4 gene expression plays a significant function
in the transition from proliferation to separation of a human colon
cancer cell line, CaCo,. Wan et al [27] revealed that due to tricho-
thecene toxicity, IGFBP4, an insulin-like growth factor (IGF)-
binding protein, was suppressed in the rat pituitary adenoma
gretchen hagen 3 (GH3) cells, demonstrating that the T-2 toxin
gave rise to a growth hormone-IGFBP4 deficiency in the cells.
In the present study, the C4BPA gene (FC: -2.10) was down-
regulated. It is involved in the complement system, acting as an
inhibitor. C4BPA binds to apoptotic and necrotic cells, and DNA,
facilitating clean up after an injury. A number of fungal and bac-
terial pathogens bind to the human C4BPA, which permits them
to establish infection. C4BPA is associated with protein S defi-
ciency and acute post-streptococcal glomerulonephritis, and is
involved in the immune system and pertussis pathways [28].
PTPRC (FC: -2.09) belongs to the protein tyrosine phosphatase
(PTP) family. It is a signaling molecule that regulates different
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cellular processes such as cell growth, mitotic cycle, differenti-
ation, and oncogenic transformation. This gene is an essential
regulator of T- and B-cell antigen receptor signaling. It suppresses
JAK kinases, and therefore, functions as a regulator of cytokine
receptor signaling. Alternatively spliced transcript variants of
PTPRC, which encode distinct isoforms, have been reported. This
gene is linked with severe combined immunodeficiency, B-cell/
natural killer cell, T cell-negative and positive selection, and hepa-
titis C virus [29]. The most significant immune response gene
IgH (FC: -10.09) was highly downregulated. It is associated with
antigen receptors expressed by B cells and secreted by plasma
cells, and is one of the major components of the adaptive immune
response. IgH also acts as a cell-surface receptor for antigens,
which permits cell signaling and cell activation, and for soluble
effector molecules, which can individually bind and neutralize
antigens at a distance. The IgA, IgM, and IgG concentrations were
significantly decreased in the peripheral blood lymphocytes of
the piglets that were fed contaminated feed with various Fusarium
mycotoxins [30]. Based on these results, we hypothesized that,
in our present study, the toxic levels of DON and ZEN might
affect the immune system, and we found that IgH was highly
suppressed. The OAS2 gene (FC: -2.72) is a member of the 2-5A
synthetase family, and this gene is mainly involved in the innate
immune response to viral infection. OAS2 might also play a role in
other cellular processes such as cell growth, differentiation, apop-
tosis, and gene regulation. It is also associated with the immune
system and interferon gamma signaling pathways. Similar to our
results, OAS2 gene expression was also suppressed in the lung
tissue of mice orally gavaged with DON [31]. In the present study,
the ANGPTL4 gene (FC: -2.20) showed downregulation. This
gene is associated with hypoxia-induced expression in endothelial
cells. It can control angiogenesis and modulate tumorigenesis.
ANGPTLA4 reduces proliferation, migration, and tubule devel-
opment of endothelial cells, and decreases vascular leakage. It
might also serve a protective function in endothelial cells through
endocrine action. It is directly involved in regulating glucose
homeostasis, insulin sensitivity, and lipid metabolism, and is
associated with severe non-proliferative diabetic retinopathy [32].
Downregulation of ANGPTL4 has also been associated with type
2 diabetes.

Apart from the above-mentioned genes, most of the DEGs
mentioned in Table 2. are also associated with the immune res-
ponse, and inflammatory and proliferation networks. We predict
that higher toxic levels of DON and ZEN lead to significant de-
creases in the gene expression of inflammatory cytokines, and
are also connected with a decrease in the level of other inflamma-
tory mediator genes. The expression profiles of DEGs in DON
and ZEN treatments showed that most genes were downregu-
lated than upregulated. Due to acute toxicity levels of DON and
ZEN, a number of inflammatory and proliferation-associated
genes were downregulated, and it was observed that some of the
upregulated genes were associated with various diseases. The func-
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tional annotation analysis also illustrated more GO biological
process terms and KEGG pathways related to immune system,
metabolic processes, and diseases in both DON and ZEN treat-
ment groups (Tables 1, 2, 3).

In KEGG enrichment analysis, we identified significant im-
mune- and disease-associated pathways (Table 3, Supplementary
Figure S4). We found some pathways associated with human
diseases, and concluded that there might be consequences of DON
and ZEN toxicity in humans. Remarkably, almost all genes found
in the present study were downregulated. We hypothesized that
severe toxic levels of DON and ZEN could modulate and down-
regulate various genes that inhibit the activation, apoptosis of
immune cells. In this study, the most important inflammatory
response-related cytokine-cytokine receptor interaction pathway
was identified and chemokine genes CCL4, CXCL9, and CXCLI0,
and the anti-inflammatory gene ILI0RB were found to be down-
regulated. Cytokines and their specific receptors represent a system
that plays a major role in blood and immune cells. Cytokines are
vital intercellular regulators and mobilizers of cells engaged in
innate as well as adaptive inflammatory host defenses, cell growth,
cell death, differentiation, angiogenesis, and development and
repair procedures aimed at restoration of homeostasis. According
to Amuzie et al [33], DON induces the expression of suppressors
of cytokine signaling in mice, and has the potential to play a
regulatory role in signaling pathways mediated by the cytokine
receptor superfamily members such as GH and inter leukin-6
(IL-6) that eventually affect inflammation and growth, respectively.
Suppressor of cytokine signaling -induced negative regulation
of cytokine and growth factor pathways has been confirmed in
several in vivo and in vitro studies involving a number of species
[34]. Metabolic pathways might be involved in different diseases;
in this study, metabolic pathways were associated with ALDH7A1,
carboxylesterase 1, CYPIAI, and CYP2B22, all of which were
downregulated. These genes are associated with various diseases
and immune inhibition. The metabolism of most mycotoxins in
humans and animals remains unclear. Observed metabolic path-
ways of trichothecenes, including DON, ZEN, T-2 toxin, 3-aDON,
nivalenol, diacetoxy scirpenol, and fusarenon-X in humans, swine,
poultry, and ruminants [35]. Toll-like receptor (TLR) signaling
pathways regulate the downregulation of CCL4, CXCL9, and
CXCLI0 genes. TLR signaling pathways can play a major role in
the activation of the adaptive immune system by inducing pro-
inflammatory cytokines and upregulating costimulatory molecules
of antigen-presenting cells. Activating the TLRs leads to the sen-
sitive expression of different inflammatory genes, which have a
protective role against infection. TLRs in renal cells are implicated
in innate immune responses in kidney infection. According to
Gu et al [36], TLR stimulates DON-exposed intestinal porcine
epithelial cells, which could alleviate the reduction in cell survival
and proliferation of immune cells.

In the present study, the important inflammatory immune
response of chemokine signaling pathway was observed to be
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significantly expressed. This is a part of the normal immune sys-
tem function, as chemokines are important components of basal
leukocyte trafficking necessary for immune system functioning
and development, and immune surveillance. Chemokines also
contribute to the growth, differentiation, and activation of leuko-
cytes, and motivates diverse effector functions. Similar to our
results, previous studies have reported that the chemokine genes
were downregulated in the spleen and intestinal samples of ZEN-
and DON-treated piglets, respectively [37]. In this study, the
chemokine genes CXCL9, CXCLI10, and CCL4 might be sup-
pressed due to severely toxic levels of DON and ZEN.

We also found some significant disease-related pathways in
the present study. However, the role of DON and ZEN on these
pathways is not yet fully known. The SLE pathway involves
HIST1H2BC and IgH. It is a prototypic autoimmune disease char-
acterized by the creation of IgG autoantibodies and it is particular
for self-antigens. Hueza et al [38] showed that ZEN-treated animals
showed autoimmune disorders such as SLE. We also found the
chemical carcinogenesis pathway, and it is expected that exposure
to environmental chemical carcinogens might be responsible
for a majority of human and animal cancers. Genotoxic carcino-
gens such as DON and ZEN can attack biological macromolecules
such as RNA and DNA, directly or indirectly, during metabolism,
resulting in the formation of adducts with these macromolecules
[39]. We also found tuberculosis and Epstein-Barr virus infection
pathways, both of which are related to ILIORB and IgH. The im-
mune response of ILI0RB and IgH genes was downregulated.
IgH and THBS4, associated with the phagosome and phosphati-
dylinositol 3-kinase-Akt (PI3K-Akt) signaling pathways, were
also found to be downregulated. Phagocytosis is the process of
taking in comparatively large particles by a cell, and is an essential
mechanism in tissue remodeling, inflammation, and protection
against infectious agents. According to Food Research Institute,
DON inhibits phagocytosis, and consequently, causes immuno-
suppressive effects. PI3K-Akt signaling pathway is stimulated by
several types of cellular stimuli or toxic exposures, and controls
primary cellular roles, including transcription, translation, growth,
and proliferation. It is mainly involved in a broad range of bio-
logical processes, such as apoptosis and intestinal inflammation,
and the intestinal barrier. Zhang et al [40] revealed that PI3K/Akt
pathway was altered due to DON-mediated intestinal toxicity
in porcine epithelial cells exposed to 20 uM DON for 60 min.

A number of studies suggest that DON and ZEN are powerful
immune modulators, acting as immunosuppressive as well as
immune-stimulatory agents [6]. This is strongly supported in our
present study. For instance, as discussed earlier, most of the
immune-related DEGs and pathway associated gene expression
profiles were altered (suppressed or upregulated) due to severely
toxic levels of DON and ZEN. A majority of in vivo studies have
focused on a broad array of pro-inflammatory cytokines and
chemokines that are noticeable in various organs such as liver,
spleen, kidney, and lung, after DON and ZEN exposure [37].
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The kidney might play the primary role in the inflammatory
response along with the growth of acquired immunity. DON
and ZEN stimulate apoptosis, dysfunction, inflammatory re-
sponse, and oxidative stress in mouse kidney [41]; however, very
little data are available on the in vivo effects of DON and ZEN
on the modulation of kidney inflammatory markers in pigs. Our
study demonstrated that a number of significantly affected genes
following the exposure to DON- and ZEN-contaminated diet
treatments were associated with inflammatory response. Our
inflammatory gene expression profile is somewhat similar to
those identified using microarray analysis in spleen samples of
ZEN-fed pigs [37]. In the present study, we found a significant
downregulation of ILI0RB, CXCL9, CXCL10, CCL4, and some
other genes (Table 2), which are some of the most powerful in-
flammatory markers. Stoeker et al [42] revealed that the expression
of these genes might entail a risk of making the inflammatory
response worse, with lesion formation at tissue stage. Similarly,
Pistol et al [22] also investigated the changes in pig liver, which
showed a significant reduction in inflammatory cytokine gene
expression, as a result of ZEN contamination. The mRNA ex-
pression of cytokines was downregulated in the jejunum of DON-
treated (0.9 mg/kg feed) piglets, and in the ileum of piglets after
chronic exposure to low-level DON [43]. We also observed that
DON and ZEN exert their effects on the expression of several
genes through communication with transcription and signaling
factors. These toxins might cause renal failure due to immuno-
suppression, which might have significant consequences during
an infectious process.

A maximum tolerable daily intake for ZEA of 0.5 pg/kg of
body weight is now recognized by the Joint Committee WHO/
FAOQ, based on the no observed-effect level of 40 ug/kg body
weight/d found in a 15 day study in pigs. The committee suggested
that the total intake for ZEA and its metabolites should not more
than this concentration [44]. Prepuberal gilts fed diets polluted
with ZEA (0.004 to 0.358 mg/kg) exhibited hepatocyte glycogen
depletion and expansion of hepatic interlobular connective tissue
and hemossiderosis in spleen [45]. In earlier studies, concen-
trations of DON and ZEN from 1 to 150 uM were used alone
or in combinations to examine their cooperative or antagonistic
effects on inhibition of macromolecular synthesis, DNA methyla-
tion and fragmentation. Moreover, the above concentrations are
in accordance with the levels possibly encountered in the gastro-
intestinal tract of human or animals tissues after utilization of
food or feed polluted with 2 to 4 mg/kg of body weight of DON
and ZEN [46]. Six pro-inflammatory cytokines of ILIw, IL1f, IL6,
IL8, TNFw, and monocyte chemotactic genes were up-regulated
in the porcine jejunal epithelial cell line in reaction to individual
and mixtures of cytotoxic concentrations at DON 2 pM, and
ZEN 40 uM treatments. All these pro-inflammatory cytokine
shows a significant role in initiation of the inflammatory response
in the intestinal epithelial cells [47]. According to Pistol et al
[22], 316 parts per billion ZEN contaminated diet reason for
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desperately reduced the gene expression of pro-inflammatory
cytokines, such as TNF-a, IL-1f3, IL-8, IL-6, and interferon-y in
the liver of piglets fed the ZEN contaminated diet. Also observed,
DON induced modest expressions of pro-inflammatory genes
such as TNF-q, IL-1f3, and IL-6 in the liver relative to the spleen
of mice [48]. The mRNA expression of cyclooxygenase-1, IL-1f,
IL-10, and TLR4 levels were decreased in the jejunum of piglets
fed a DON (0.9 mg/kg feed) diet when compared to a control
diet [49].

Taken together, our results demonstrated that DON- and ZEN-
contaminated diets induce significant alterations in the global
transcriptome levels in pig kidneys. A total of 186 genes with
a significantly changed profile compared with the control diet
group were found through RNA-seq analyses; among these, 64%
genes were upregulated and 36% downregulated. Pathway analy-
sis pointed out that DON- and ZEN-affected genes are associated
with various diseases and infections. It was also observed that
the expression of most of the DEGs involved in inflammatory
response was suppressed by DON and ZEN. Based on these
results, we postulate that DON and ZEN might have an biphasic
effect in vivo, via the suppression of inflammatory response in
pigs or any other animal kidneys, which might affect immune
homeostasis. This is not only of relevance for a further risk charac-
terization of DON and ZEN exposure in growing pigs and other
farm animals, but might also serve as a model for studies trying
to estimate interference strategies to alleviate adverse health
effects of DON and ZEN.
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