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ABSTRACT Aflatoxin B1 (AFB1) and ochratoxin A
(OTA), which are toxic metabolites of ubiquitously
occurring molds, show diverse toxicological effects such
as hepatotoxicity, genotoxicity, and immunotoxicity in
human and animals. Despite poultry show sensitivity to
AFB1 and OTA, the mechanism of these mycotoxins in
chickens has not been fully investigated. Here, we aimed
to elucidate the molecular mechanism induced by AFB1
and/or OTA in chicken hepatic cells using tran-
scriptomic analysis. Aflatoxin B1 and OTA induced
cytotoxic effects in a dose-dependent manner at 48 h
after exposure. Furthermore, correlation effect indi-
cated an antagonism between the 2 toxins. The mRNA
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sequencing of AFB1-treated or OTA-treated chicken
hepatocarcinoma and functional analysis revealed the
pathways that were commonly regulated by both
mycotoxins, especially PPAR signaling, focal adhesion,
and MAPK signaling. Based on these findings, a
possible hypothesis is that AFB1 and OTA have similar
toxic mechanisms and compete for some steps in the
chicken liver, and it is expected that the mycotoxins
would have antagonistic effects. In addition, genes
identified through transcriptome analysis provide can-
didates for further study of AFB1 andOTA toxicity and
targets for efforts to improve the health of chickens
exposed to mycotoxins.
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INTRODUCTION

Aflatoxins (AF) are a group of extremely toxic metab-
olites of certain molds, such as Aspergillus flavus and
Aspergillus parasiticus, and can occur as natural
contamination of foodstuffs and feed (Oznurlu et al.,
2012). There are 4 types of AF named according to their
fluorescence (blue or green) under UV light: aflatoxin B1
(AFB1), B2, G1, and G2. Aflatoxin B1 is the most toxic
and is prevalent worldwide (Rawal et al., 2010). Since
the discovery of AF, their negative effects on animal
health have been researched in various areas of toxi-
cology. Aflatoxin B1 is recognized as being hepatotoxic,
carcinogenic, and mutagenic in human and animal
(Hamid et al., 2013).
Ochratoxins (A, B, and C) are a group of toxic metabo-
lites produced by a variety of molds including Aspergillus
ochraceous and Penicillium verrucosum. Among these,
ochratoxinA (OTA) is themost toxic and prevalentmem-
ber and is ubiquitously found inmany foodstuffs and feeds.
Ochratoxin A has been classified as a possible carcinogen
(group 2B) based on the large number of evidences of
carcinogenicity from several animal researches by the In-
ternational Agency for Research on Cancer (IARC,
1993). Numerous studies have shown that OTA exerts
diverse toxicological effects, including hepatotoxicity
(Qi et al., 2015), nephrotoxicity (Zeferino et al., 2016),
genotoxicity (Zheng et al., 2013), and immunotoxicity
(Verma et al., 2004).

A wide variation exists in species susceptibility to afla-
toxicosis and ochratoxicosis. Poultry were known to be
extremely sensitive to AFB1 and OTA. The presence of
the mycotoxins in poultry diets induced reduction of
body weight, egg production, and hatchability and
increased susceptibility to disease mortality in chickens
(Yarru et al., 2009; Sun et al., 2015; Zhang et al., 2016).
According to a report by the Council for Agricultural
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Science andTechnology, losses due tomycotoxicosis to the
United States poultry industry exceeded $143 million
annually (CAST, 1989).

The liver is the main target organ for AFB1 toxicity.
Ochratoxin A accumulation, biotransformation, and
detoxification also occurs in the liver, although the first
target organ of ochratoxicosis is the kidney (Qi et al.,
2015). A chicken hepatocellular carcinoma cell line,
LMH, has beenwidely used to study the toxicmechanisms
of mycotoxins (Liu et al., 2019; Markowiak et al., 2019).
The cells retain a number of differentiated phenotypic
traits of chicken hepatocytes and are of potential useful-
ness for study about toxicity (Kawaguchi et al., 1987).

Toxicogenomics provides the ability to determine the
underlying molecular events that precede and accompany
toxicity in a greater detail (Nuwaysir et al., 1999). Tran-
scriptomics using microarray or mRNA sequencing tech-
nology has provided the opportunity to examine changes
in the expression of a large number of genes simulta-
neously, thereby obtaining information on cellular mecha-
nisms induced by toxic compounds (Merrick et al., 2013).

To the best of our knowledge, there are reports about
transcriptomic analysis regarding aflatoxicosis in chicken
liver, but hepatic gene expression study about ochratoxico-
sis has not been demonstrated (Yarru et al., 2009). There-
fore, in the current study, we focused on theAFB1-induced
or OTA-induced toxicity and their combination effects in
chicken to gain further insights into the molecular events
underlying the mycotoxin hepatic toxicity.
MATERIALS AND METHODS

Chemicals

AflatoxinB1 (CAS:1162-65-8,molecularweight 312.27,
.98% pure as reported by the supplier) and OTA
(CAS:303-47-9, molecular weight 403.81, .98% pure as
reported by the supplier) were obtained from Sigma-
Aldrich. These mycotoxins were dissolved in dimethyl
sulfoxide (DMSO).
Cell Culture

The chicken hepatic carcinoma cell line LMH (CRL-
2117) was purchased from American Type Culture
Collection (ATCC, Manassas, VA). Before the various
mycotoxin treatments, cells were grown in Waymouth’s
MB 752/1 cell culture medium supplemented with 0.1%
penicillin/streptomycin, and 10% fetal bovine serum in
0.1% gelatin-coated (Gelatin, from porcine skin,
G1890, Sigma, MO) cell culture dish. All cell culture
plates were maintained in a humidified incubator con-
taining 5%CO2 at 37�C. Final concentrations of test my-
cotoxins were achieved by adding culture media, giving a
final DMSO concentration of 0.1% (v/v).
MTT Assay

Cells were exposed to a serial concentration of AFB1
(0–3.0 mmol/L), OTA (0–20 mmol/L), or 0 to 3.0 mmol/L
of each mycotoxin combination for 48 h. Then,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbro-
mide (MTT, Sigma) solution (5 mg/mL) was then added
to each well. After 4 h of incubation, the medium was
removed, and 100 mL DMSO was added to dissolve the
purple formazan. The optical density of each well was
quantified by measuring absorbance at 540 nm. The
viabilities of treated groupswere expressed as a percentage
of that of the control group, which was assumed to be
100%.The IC50 value of eachmycotoxinwas calculatedus-
ing the GraphPad Prism, version 7, for Windows (La
Jolla, CA).

Calculation of Combination Index Values

The interaction between AFB1 and OTAwas analyzed
with the help of the Chou-Talalay method (Chou and
Talalay, 1984). The LMH cells were cultured in 96-well
plates and co-incubated for 48 h with various concentra-
tions of binary combinations of AFB1 and OTA in a ratio
of 1 to 12. The correlation between the mycotoxin combi-
nations was carried out using CompuSyn, version 1.0. The
combination index (CI) values near 1 (0.90, CI, 1.10)
indicate an additive effect in the mycotoxins binary com-
bination,whereasCI, 0.9 orCI. 1.1 indicates synergism
or antagonism, respectively (Wang et al., 2014).

mRNA Isolation and High-Throughput
mRNA Sequencing (RNA Sequencing)

The cells were cultured with medium containing
1.0 mmol/L of AFB1, 15 mmol/L of OTA, or 0.1%
DMSO(positive control) for 48h (n5 3, each treatments).
Total RNA was extracted by Trizol reagent (Ambion,
Austin, TX) according to themanufacturer’s instructions.
RNA quality of each sample was analyzed before library
preparation using the Agilent 2100 bioanalyzer RNA kit
(Agilent Technologies, Santa Clara, CA). The library
was constructed following the manufacturer’s protocol
with reagents supplied by TruSeq Stranded mRNA kit
(Illumina, San Diego, CA). The quality of libraries was
evaluated using the Agilent 2100 bioanalyzer DNA kit
(Agilent Technology) and CFX96 Real Time System
(Bio-Rad, Hercules, CA). The libraries were sequenced
on the BGI-MGISEQ2000 sequencer (Illumina) paired-
end sequencing with read length of 99 bp.
The FastQC tool (ver.0.11.5) was used to examine raw

read quality, and Skewer (ver.0.2.2) was used to reduce
the adapter sequence. Next, we mapped the sequencing
reads to chicken genome (galGal4 from UCSC genome),
and gene annotation was done using STAR (ver.2.6).
Gene expression level was estimated using Fragment

Per Kilo bases per Million reads method. Differentially
expressed genes (DEG) were detected based on Cuff-
quant, Cuffnorm, and Cuffdiff of Cufflinks package,
version 2.2.1, with jlog2(fold-change)j � 2 and
P , 0.05. To gain insights into the DEG functions, the
Database for Annotation, Visualization and Integrated
Discovery, version 6.8, was used to attain Gene Ontology
(GO) results and Kyoto Encyclopedia of Genes and



Table 1. Details of primers used for RT-qPCR.

Linked pathway Gene symbol (Accession no.) Primer sequences (5’ / 30)
PCR

product (bp) Ta (�C) References

Lipid metabolism FABP2 (NM_001007923) F
R

TGGCATTTAACGGTACTTGGA
TCAGATTATCGTGGGCTCCT

111 60 (Larkina et al., 2011)

CYP7A1 (NM_001001753.1) F
R

CATTCTGTTGCCAGGTGATGTT
GCTCTCTCTGTTTCCCGCTTT

106 62 (Wu et al., 2012)

CYP27A1 (XM_422056.6) F
R

AGGACTTTCGTCTGGCTCT
CTCCGCATCGGGTATTT

184 60 (Hu et al., 2017)

Drug metabolism CYP1A4 (NM_205147) F
R

TAAGGACGTCAATGCTCGTTTC
CGTCCCGAATGTGCTCCTTAT

88 62 (Hickey et al., 2009)

GSTT1 (NM_205365.1) F
R

CGGAGACTTCACCCTAGCAG
GAGCATTAGCCCGGATGTTA

155 60 This study

Reference gene beta-actin (L08165.1) F
R

ATGAAGCCCAGAGCAAAAGA
GGGGTGTTGAAGGTCTCAAA

223 60 This study

Abbreviations: F, forward; R, reverse; Ta, annealing temperature.
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Genomes (KEGG) Orthology-Based Annotation System,
version 3.0, was carried out to establish the KEGG path-
ways associated with the up/downregulated genes.
Real-Time Quantitative PCR

mRNAs were used for RNA sequencing (n 5 3), and
additional samples (n 5 5) were used for RT-qPCR to
confirm the gene expression using iTaq Universal
SYBR Green One-Step Kit (Bio-Rad) and ABI 7500
Real-Time PCR System (Applied Biosystems, Foster
city, CA). The primer sequence and annealing tempera-
ture condition are shown in Table 1. The thermal cycling
program was as follows: 95�C for 5 min, followed by 40
cycles of 95�C for 30 s, 60�C or 62�C for 30 s, and 72�C
for 30 s. Following the amplification, melting curve anal-
ysis was conducted by heating from 65�C to 95�C with
increments of 0.5�C for 5 s to determine the specificity
of the PCR reactions. The beta-actin gene was used as
internal control for normalization of gene expression
and relative gene expression was evaluated using the
22DDCt method (Zhang et al., 2010).
Statistical Analysis

Data are presented by descriptive analysis as
mean 6 SD of samples. Statistical analysis for
0 0.01 0.1 0.5 1 1.5 2 2.5 3
0

50

100

150

AFB1 (μM)

C
el

l v
ia

bi
lit

y 
(%

) ***

A B

Figure 1. Effects of mycotoxins on chicken hepatocyte viability. Cell via
different doses of mycotoxins (A; AFB1, B; OTA). Data are expressed a
DMSO). Abbreviations: AFB1, Aflatoxin B1; DMSO, dimethyl sulfoxide; O
RT-qPCR was performed by using GraphPad prism
(ver. 7). The comparisons were performed using one-way
ANOVA followed by Dunnett’s test, and P-value below
0.05 was accepted as the level of significance.
RESULTS AND DISCUSSION

This is the first study, to the best of our knowledge, that
analyzed the transcriptome response toAFB1andOTA in
chicken hepatocarcinoma cell line (LMH cells). The cyto-
toxic effects of AFB1 at doses of 0.01 to 3.0 mmol/L on
LMH cell line were measured by the MTT assay. After
48 h of exposure, AFB1 induced a marked decrease in
viable cells in a dose-dependent response (Figure 1A).
Similarly, exposure to OTA at doses of 6 to 20 mmol/L
for 48 h resulted in a concentration-dependent viability
decrease (Figure 1B). In cultured LMH cells, the AFB1
concentration of 1.04 mmol/L showed 50% inhibition of
cell viability (IC50); however, OTA required concentra-
tion of 12.58 mmol/L to obtain similar cytotoxicity.
We exposed LMH cells to 1.0 mmol/L of AFB1 and
15 mmol/L of OTA for subsequent experiments.

In previous studies, cell viability was decreased by
AFB1 or OTA treatment in liver and kidney cells in a
time-dependent and dose-dependent manner (Renzulli
et al., 2004; Costa et al., 2007; Stec et al., 2007; Ramyaa
and Padma, 2013; Wang et al., 2014). The differences in
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Figure 2. Mycotoxin combination plots based on Chou and Talalay
combination index theorem after 48 h of exposure of LMH cells. Combi-
nation index plot for combination of AFB1 and OTA. CI , 1, CI 5 1,
and CI. 1 indicate synergistic, additive, and antagonistic effect, respec-
tively. Abbreviations: AFB1, Aflatoxin B1; CI, combination index; Fa,
fraction affected; OTA, ochratoxin A.
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mycotoxin-induced cytotoxicity might be correlated with
experimental model (human, rat, pig, or chicken) and
target organ (liver, kidney, or lymphocytes). Based on
toxin concentrations, AFB1 was approximately 1.4, 3,
and 9 times more potent as an inhibitor at different time
points, respectively, than OTA in liver cells (Renzulli
et al., 2004). The liver being the target organ of toxicity
for AFB1 could be the reason for the observed different
sensitivities to AFB1 or OTA-induced cytotoxicity.
Consistent with these findings, in the current study, the
dose–response curves of AFB1 and OTA in LMH cell
line showed a dose-dependent toxicity, and the potency
of AFB1 in inhibiting the cell viability was found to be
over 10 times higher than that of OTA (Figure 1).

To calculate the combined effects of AFB1 and OTA,
the CI values were analyzed on the basis of equipotent
IC50 values obtained from individual exposure experi-
ments, so that the contribution to the effect of AFB1
and OTA would be equal (Chou, 2006; Sobral et al.,
2018). The interactive effect of AFB1 and OTA can be
described as an antagonistic effect with high levels of
cytotoxicity (Figure 2 and Table 2). These findings
Table 2. CI values and combined effect of AFB1 and OTA.

Concentration CI Description

IC10 0.81846 Moderate synergism
IC20 1.00137 Nearly additive
IC30 1.16940 Slight antagonism
IC40 1.34784 Moderate antagonism
IC50 1.55553 Common antagonism
IC60 1.81909 Common antagonism
IC70 2.19117 Common antagonism
IC80 2.81075 Common antagonism
IC90 4.26901 Strong antagonism

IC10 to IC90 are the doses required to inhibit proliferation 10 to 90%,
respectively. LMH cells were exposed for 48 h to AFB11OTA at a ratio of
1:12.

Abbreviations: AFB1, aflatoxin B1; CI, combination index; OTA,
ochratoxin A.
suggest that the co-occurrence of AFB1 and OTA in
food commodities and diet may decrease their cytotoxic
potential than the presence of either mycotoxin alone. In
contrast, previous reports related to AFB1 and OTA
mixtures have indicated an additive effect of this combi-
nation for cytotoxicity (Golli-Bennour et al., 2010;
Corcuera et al., 2011), suggesting that AFB1 and OTA
do not share toxic pathways in their mode of action, or
they share only some steps. However, Corcuera et al.
(2011) reported that the combination treatments
showed a significant decrease in DNA damage compared
with that after AFB1 single treatment, suggesting that
AFB1 and OTA compete for the same CYP enzymes
that represent a bioactivation route for AFB1
(Corcuera et al., 2011). These results indicate that
AFB1 and OTA may share some common mechanisms
of action, such as the induction of DNA adducts in
chicken liver.
Transcriptomic analysis was performed to demon-

strate the mechanisms of 2 mycotoxins and compare
the regulation of gene expression during AFB1-induced
and OTA-induced cytotoxicity in chicken hepatocarci-
noma cells. An Illumina MGI sequencing platform was
utilized. The average of 93,100,867 reads of a paired-
end 99 bp, with Q30 values 90 to 92% were collected
for libraries of control and each mycotoxin treatment
groups (Supplementary Table 1). After filtering of
adapters and trimming of ambiguous and low-quality
reads, an average of 93,100,800 high-quality and clean
reads were obtained, accounting for 99.9% of total raw
reads, respectively. Approximately 80% of the quality-
trimmed reads mapped to the annotated chicken gene
set (Supplementary Table 2).
Differential expression analysis was performed to deter-

mine the gene expression changes in response to the
mycotoxin treatments. The DEG caused by individual
treatments of the mycotoxins are shown as Volcano plots
(Figure 3A). Compared with the control treatment, a to-
tal of 1,797 and 4,362 genes were differentially expressed
after AFB1 and OTA treatments, respectively
(jlog2(FC)j � 1, FDR , 0.01). In AFB1-treated groups,
1,006 upregulated and 791 downregulated genes were
found (jlog2(FC)j � 1, FDR, 0.01), whereas OTA treat-
ment resulted in 2,345 upregulated and 2,017 downregu-
lated transcripts (Figure 3B). Interestingly, the number
of significant DEG in response to AFB1 and OTA treat-
ment in the present study were much higher than those
previously reported in liver cell lines from human (53
DEG to OTA; Arbillaga et al. 2008, 1,125 DEG to
AFB1; Jennen et al. 2010, and 2,131 DEG to AFB1;
Josse et al. 2012) or rats (785 DEG to AFB1; Yang
et al. 2014). The differences between these reports could
be attributed to the development of sequencing technol-
ogy and analysis methods and different experimental con-
ditions, which include the dosage of mycotoxins, exposure
time, and animal species (Zeferino et al., 2016). Zeferino
et al. (2016) had analyzed RNA sequencing data in
chicken using mRNA reference for Homo sapiens because
the functional annotation of chicken genome was not as
complete as those for humans.



Figure 3. Gene expression profiling of LMH cells after AFB1 or OTA treatments. (A) Visualization of differentially expressed genes (DEG) in LMH
cells exposed to AFB1 orOTA. (B) Venn diagrams for DEG in eachmycotoxin treatments compared to control. Totals for the AFB1 and OTA groups of
each experiments are shown above each ellipse. (red, upregulated; down, downregulated). (C) Principal component analysis (PCA) plot of the DEG. The
9 samples shown that themycotoxins treatments and untreated cells were well-clustered and distinguishable from each other. Control group vs. 1 mmol/L
AFB1-treatment group, control groups vs. 15 mmol/L OTA (n 5 3, respectively). Abbreviations: AFB1, aflatoxin B1; OTA, ochratoxin A.
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The DEG was used in principal component analysis to
visualize AFB1-induced and OTA-induced toxic effects
on gene expression before and after exposure to the my-
cotoxins (Figure 3C). The principal component analysis
revealed that the mycotoxins treatments (0.1 mmol/L of
AFB1 or 15 mmol/L of OTA), or untreated cells were
well-clustered and distinguishable from each other.
The mRNA expression levels of 5 DEG related to bile

acid or xenobiotic metabolism was measured by RT-
qPCR for validation of RNA seq data done using
RT-qPCR. The CYP1A4 and GSTT1 genes were
involved with drug metabolism in chickens (Rawal
et al., 2010; Hafner et al., 2011), and downregulation
of FABP2, CYP7A1, and CYP27A1 genes modulate
the synthesis of bile acids (Chiang, 2009). The expression
of CYP7A1 gene was shown different pattern with
mRNA sequencing in AFB1 treatment and not signifi-
cant in OTA treatment. However, the results showed
that mRNA expressions of FABP2, CYP27A1,
CYP1A4, and GSTT1 were significantly decreased by
each mycotoxin treatment (Figure 4), in accordance
with the RNA-seq results. These results demonstrate
the validity, accuracy, and statistical power of
sequencing data despite the relatively small cohort being
considered.

Next, we investigated the potential biological func-
tions of the DEG. A total of 2,185 and 4,904 DEG
(jlog2(FC)j. 1, P, 0.05) were used to analyze the func-
tional annotation using Database for Annotation, Visu-
alization and Integrated Discovery and KEGG
Orthology-Based Annotation System. The GO term
and pathways with at least 2 genes modulated, and a
P , 0.05 were considered statistically significant. The
top 10 groups in the 3 domains are shown in Figure 5.

Within the “biological process” category, the most
abundant terms commonly included “positive regulation
of gene expression”, “cell adhesion”, “cell mutation” and
“positive regulation of apoptotic process” in AFB1 and
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OTA treatments. Interestingly, we observed a high per-
centage of DEG assigned to “cell component” domain
including “integral component of plasma membrane”,
“plasma membrane”, “extracellular space”, and “extracel-
lular region”. The pathways identified in this investiga-
tion were shown similar aspect with previously
reported study about OTA toxicity in rat liver (Marin-
Kuan et al., 2006). Those results suggest that the toxic
mechanisms regarding AFB1 or OTA were resembled
with metabolism of mammalian liver.

The DEG was mapped to reference pathways in
KEGG and assigned to 38 (10 up, 28 down) and 21
(11 up, 10 down) pathways for AFB1 and OTA treat-
ment, respectively, including many metabolic and
signaling pathways that are not directly related to xeno-
biotic metabolism. The top 10 terms in the 3 main cate-
gories are shown in Figure 6. A similar tendency of the
functional annotation results was observed between
AFB1 and OTA treatments. By comparing the mRNA
expression between AFB1 and OTA treatments, 3 and
5 commonly enriched pathways were identified to
contain upregulated and downregulated DEG, respec-
tively (Figure 6).
Furthermore, the 8 pathways, among which “Meta-

bolic pathways”, “PPAR signaling pathway”, “Primary
bile acid biosynthesis”, “ECM-receptor interaction”,
“Calcium signaling pathway”, “MAPK signaling
pathway”, “Focal adhesion”, and “Neuroactive ligand-
receptor interaction” were commonly enriched in both
mycotoxin treatments. Some of the signaling pathways
are well known for their roles in lipid and xenobiotic me-
tabolisms. These results indicate that same pathways
are triggered after AFB1-induced and OTA-induced
cytotoxicity in chicken hepatocarcinoma cells.
PPAR are nuclear receptors that are known to play a

role in lipid metabolism and homeostasis (Pineda Torra
et al., 2003). PPAR signaling is also involved in anti-
inflammation (Wang et al., 2017) and xenobiotic meta-
bolism (Pawlak et al., 2015). An aberration of PPAR
leads to deregulation of genes in metabolic pathway,
thereby contributing to etiology of metabolic syndrome
(Qi et al., 2015). The avian PPAR show high homology
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Figure 5. Gene ontology (GO) term enrichment analysis. Gene ontology categories includedmolecular function, cellular component, and biological
process. GO categories for each function were sorted by decreasing order of gene counts, based on the GO enrichment. (A; AFB1, B; OTA, Blue; bio-
logical process, green; cellular component, orange; molecular function). Abbreviations: AFB1, aflatoxin B1; OTA, ochratoxin A.
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with mouse, rat, and human PPAR (Ringseis et al.,
2012), and similar expression pattern of PPARa is
observed in tissues of chickens and mammals (Shen
et al., 2008). PPARa gene expression was linearly
decreased by AFB1 concentration (0.11–0.21 mg/kg)
Figure 6. KEGG pathway enrichment analysis of upregulated /downreg
cotoxins. The transcripts in the top 10 pathways are summarized. The x-ax
genes in the same pathway. Red bars show the pathways involved with the do
gulated genes (A, 1 mmol/L AFB1; B, 15 mmol/L OTA). Abbreviations: AF
OTA, ochratoxin A.
in duckling liver (Chen et al., 2014). PPAR is also re-
ported to influence bile acid formation and bile composi-
tion. Farnesoid X receptor is a bile acid-activated
nuclear receptor that mediates the effects of bile acids
on gene expression and plays a major role in bile acid
ulated differentially expressed genes in LMH cells upon exposure to my-
is indicates functional pathways, and the y-axis indicates the number of
wnregulated genes and blue bars are pathways associated with the upre-
B1, aflatoxin B1; KEGG, Kyoto Encyclopedia of Genes and Genomes;
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and possibly also in lipid metabolism. In this study, the
genes regulating bile acid synthesis, CYP7A1 and
CYP27A1, were downregulated by AFB1 and OTA
treatments in LMH. The lipophilic xenobiotics were
recognized as a “toxic bile acid”, leading to the suppres-
sion of bile acid biosynthesis, promoted by modulation
of CYP7A1 and CYP27A1 gene expression (Handschin
et al., 2002; Chiang, 2004).

Focal adhesion is the structural link between the
extracellular matrix (ECM) and actin cytoskeleton and
plays essential roles in signal transduction pathways
causing various biological processes, including cell sur-
vival, motility, proliferation, differentiation, and regula-
tion of gene expression. Previous study suggested that
the cell adhesion proteins function to sense and respond
to extracellular environment through the mediation of
bi-directional (inside-out and outside-in) transmem-
brane signaling (Wu, 2007). Therefore, changes in the
expression of genes involved in cell structure may nega-
tively affect cell function. Fang et al. (2013) performed
transcriptomic analysis during different transitions of
bladder cancer and reported that ECM-receptor interac-
tion and focal adhesion were important pathways
involved in cancer progression. The focal adhesion and
ECM-receptor interaction pathways were prominently
annotated with commonly expressed genes responding
to various concentrations of AFB1 treatment (0.03,
0.1, 0.2 mmol/L) in rat hepatic epithelial cells
(WB-F344) (Yang et al., 2014). Yarru et al. (2009) hy-
pothesized that changes in gene expression associated
with cell skeletal structure observed in the liver of
AFB1-supplemented chickens. In this study, the genes
involved in focal adhesion pathway were upregulated
in both AFB1-treated and OTA-treated LMH cells
compared with that in the control. These alterations
were likely linked to the response of cell adhesion pro-
teins to xenobiotics, including transmembrane signaling
and regulation of gene expression.

The MAPK signaling pathway is known to play impor-
tant roles in cell survival, antiapoptotic activity, and can-
cer development (Zhao et al., 2017). Dai et al. (2014)
performed miRNA profiling and suggested that MAPK
signaling pathway is critical in nephrotoxicity by OTA
treatment in rat. In addition, MAPK signaling pathway
was also enriched in rat liver (Qi et al., 2015) and kidney
(Ali et al., 2011) after OTA administration. The liver and
kidney consist of a variety of cell types. Some genes may
be specifically expressed or deregulated in hepatic or renal
cells. However, from the perspective of mRNA expression,
the trend in changes in the gene expression related to
MAPK signaling pathway induced by AFB1 and OTA
were consistent with the renal results obtained in previous
studies. MAPK activity also associated with the disrup-
tion of tight junction of cell, and this process could
interact with pathways related to lipid metabolism to in-
fluence the deposition of fat (Cui et al., 2012).

In conclusion, although AFB1 and OTA showed high
cytotoxicity in LMH cells, the mycotoxins were weakly
cytotoxic when in combination than alone, thereby
showing an antagonistic effect. To demonstrate the toxic
mechanisms of AFB1 and OTA and compare their mode
of action, mRNA sequencing and bioinformatics analysis
were performed in AFB1 and OTA-treated LMH cells.
TheGO term analysis indicated that the treatments regu-
late gene expression associated with inflammatory
response, cell adhesion, and apoptotic process. In KEGG
pathway analysis, “metabolic pathway”, “PPAR signaling
pathway”, “MAPK signaling pathway”, and “focal adhe-
sion” were commonly significantly affected by the AFB1
andOTA treatments. A possible hypothesis for these find-
ingsmay be thatAFB1 andOTAhave similar toxicmech-
anisms and compete for some steps in chicken liver, and it
is expected that they would have antagonistic effects.
Further investigation using the in vivo or comparable
study which can represent the molecular mechanism of
mycotoxins in chicken liver is required for the substantia-
tion ofAFB1-induced orOTA-induced carcinogenesis and
their interaction in the poultry.
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