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A B S T R A C T

Simultaneous mycotoxins toxicity is complex and non-predictable based on their individual toxicities.
Beauvericin and Enniatins are emerging mycotoxins highly co-occurrent in food and feed, and their cytotoxicity
has been reported in several human cell lines. RNA-seq studies of individual exposure in Jurkat cells demon-
strated human genome perturbation mainly affecting mitochondrial pathways, however, both mycotoxins
showed differences between their toxic responses. This study investigates the transcriptional effects of combined
exposure to Beauvericin and Enniatin B (1:1) (0.1, 0.5, 1.5 μM; 24 h) in Jurkat cells by qPCR on 30 selected
target genes (10 mitochondrial, 20 nuclear). Gene expression after combined and individual exposures were
compared and functional data analysis (ToxPi) on the most relevant biological processes (cycle and apoptosis
regulation; cholesterol metabolism and transport; cellular signaling transduction; cellular stress responses; im-
mune regulation; protein metabolism; retinoic acid metabolism; transcription regulation) was applied to RNA-
seq data from individual exposure (1.5, 3, 5 μM; 24 h; Jurkat cells). Transcriptional changes, especially at mi-
tochondrial level, were observed after Beauvericin-Enniatin B co-exposure including down-regulation of anti-
oxidant activity related genes. Different expression patterns between combined and individual exposures were
identified. ToxPi analysis confirmed different dose-dependent relationship profiles between these two myco-
toxins after individual exposure.

1. Introduction

Mycotoxins worldwide occurrence in various food and feeds, as a
consequence of the secondary metabolism of filamentous fungi, poses a
major risk human and animal health (Smith et al., 2016). The si-
multaneous exposure to several mycotoxins is confirmed by both the co-
occurrence of these toxins in food and feed stuff, and by co-exposure
monitoring surveys being in practice the rule and not the exception
(Stanciu et al., 2017). The toxicity of mycotoxins combinations is
complex and it cannot always be predicted based upon their individual
toxicities (Smith et al., 2016).

Beauvericin (BEA) and Enniatins (ENs) are cyclic hexadepsipeptides
highly co-occurrent in food and feed since they are structurally related
and produced by Fusarium species by the same metabolic pathway
(EFSA, 2014). Grain-based food products are the most important con-
tributors to the acute and chronic dietary exposure (Fraeyman et al.,
2017). The cytotoxic effects of BEA and ENs has been demonstrated in
several cell lines, including antibacterial, antifungal, insecticidal and

phytotoxic activity, reactive oxygen species (ROS) production, lipid
peroxidation (LPO), glutathione depletion and cell cycle alterations,
which may result in apoptosis and/or necrosis (Mallebrera et al., 2016;
Prosperini et al., 2017). However, the main mechanism of toxicity is
considered to be related to their ionophoric properties which allow
them to insert into the cell membrane, forming cation-selective pores
and affecting cellular ionic homeostasis as well as uncoupling oxidative
phosphorylation (Fraeyman et al., 2017).

Although the most commonly in vitro studied parameters in myco-
toxin research are cell viability, apoptosis necrosis, DNA damage and
oxidative stress (Smith et al., 2016), expression profiling of the entire
transcriptome, which is highly dynamic and often responds sensitively
to toxic exposure, may be considered as a sensitive early indicator of
toxicity (Joseph, 2017). In this line, transcriptomic techniques allow
the identification of genes whose expression levels are significantly
affected after toxic exposure characterizing the responses to a toxic
stimulus (Wilson et al., 2013).

The most common gene expression profiling techniques currently
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employed are quantitative real time PCR (qPCR), especially to de-
termine the expression of limited number of transcripts, microarray
analysis and next generation sequencing, the last two high throughput
analysis techniques capable of determining expression levels of the
entire transcriptome (Joseph, 2017).

In previous experiments, gene expression changes induced by BEA
and EN B individual exposure (1.5, 3 and 5 μM; 24 h) in Jurkat cells
were investigated through RNA-sequencing followed by differential
gene expression analysis. BEA and EN B triggered perturbation up to
27% of human genome expression (5719 and 5750 genes), with 43 and
245 differentially expressed genes (DEGs) overlapped in all three stu-
died concentrations for BEA and EN B, respectively. DEGs were mostly
down-regulated belonging to biological processes and molecular func-
tions related to mitochondrial respiration and metabolism. Pathway
analysis revealed oxidative phosphorylation and electron transport
chain as the most significantly altered pathways in all studied doses for
both emerging mycotoxins (z-score > 1.96; adj p-value < 0.05),
supporting scientific evidence that mitochondria is the main cell or-
ganelle responsible of BEA and EN B induced toxicity (Escrivá et al.,
2018; Alonso-Garrido et al., 2018). However, these studies also re-
vealed that the genome profile of BEA-exposed cells showed a con-
centration dependent alteration leading to mitochondrial affection and
apoptosis through the caspase cascade activation, while EN B exposure
also led to significant differences in DEGs number between the two
highest concentrations compared to the lowest one, discarding the
linear dose dependence, and only mitochondrial alteration was detected
but no apoptosis tendency.

Differences in toxic responses observed after BEA and EN B exposure
in Jurkat T-cells were also reported in cytotoxicity studies based on
common endpoints, where BEA mediated cytotoxicity through mi-
tochondrial alterations highly affecting cell cycle and reaching a point
of no-recovery with apoptotic and apoptotic/necrotic cells increase,
while EN B effects were only observed at high concentrations and times
assayed being not such evident than for BEA exposure. Although both
mycotoxins enhanced the number of caspase activated cells, DNA da-
mage revealed that only BEA at high concentrations (3 and 5 μM) was
involved in genotoxic effects (Manyes et al., 2018).

To gain more information about the effects at transcriptomic level
after the combined exposure to BEA and EN B in Jurkat T-cells, a
transcriptional study based on qPCR focused on selected target genes
was designed.

2. Material and methods

2.1. Reagents

The reagent grade chemicals and cell culture components used:
RPMI-glutamax medium, penicillin/streptomycin, Fetal Bovine Serum
(FBS), phosphate buffer saline (PBS), BEA (783.95 g/mol, 97% purity)
and EN B (783.95 g/mol, 97% purity) were purchased by Sigma che-
mical Co. (St. Louis, MO, USA).

Dimethyl sulfoxide (DMSO) and methanol were obtained from
Fisher Scientific (Madrid, Spain). Deionized water
(resistivity< 18MV cm) was obtained using a Milli-Q water purifica-
tion system (Millipore, Bedford, MA, USA). Stock solutions of BEA and
EN B (1mg/ml) were prepared in methanol and maintained at −20 °C.
Final concentrations of mycotoxins in the assay were achieved by their
dilution in the culture medium. The final DMSO concentration in the
medium was 0.5% (v/v).

2.2. Cell culture and mycotoxins exposure

Jurkat T-cells derived from human T lymphocyte peripheral blood
were maintained in RPMI-glutamax medium supplemented with 100 U/
mL penicillin, 100mg/mL streptomycin and 10% (v/v) FBS inactivated.
Incubation conditions were pH 7.4, 37 °C under 5% CO2 and 95% air

atmosphere at constant humidity. Culture medium was changed every
two days. Absence of mycoplasma was checked routinely using the
Mycoplasma Stain Kit (Sigma Aldrich, St Louis Mo. USA). Before con-
tamination, cells were plated in 12-well tissue culture plates at a density
of 5× 105 cells/well. Jurkat T-cells were then co-exposed for 24 h to
BEA-EN B (0.1 μM, 0.5 μM, and 1.5 μM) in 0.5% DMSO and the solvent
concentration as control (each condition n=3) in maintenance
medium and standard conditions. Mycotoxin concentrations were
chosen to simulate a realistic scenario (Table 1).

2.3. RNA extraction and quantification

Total RNA of the control and exposed Jurkat T-cells was isolated
using ReliaPrep™ RNA Cell Miniprep System kit and treated with RNase
free DNase (Promega) to remove genomic DNA contamination. The
extracted RNA of each sample was firstly checked for quantity and
quality using Nanodrop2000 (Thermo Scientific), showing concentra-
tions between 140 and 152 ng/μl and appropriate 260/280 and 260/
230 ratios both around 2. RNA samples were stored at −20 °C until
their dilution to 100 ng/μl with pure Milli-Q H20 until their reverse
transcription to cDNA.

2.4. Genes selection and primers design

Potential candidate genes for the study were selected based on
previous results of RNA-sequencing data after individually exposure of
Jurkat T-cells to BEA and EN B. The selected candidate genes included
10 mitochondrial genes since they were the 9 most strongly down-
regulated genes plus the most strongly up-regulated one (Escrivá et al.,
2018; Alonso-Garrido et al., 2018). The mitochondrial genes included
MT-ND2, MT-ND3, MT-ND4, MT-ND4L, MT-ND5, MT-CO1, MT-CO3,
MT-ATP6, MT-ATP8, MT-RNR2 and MRPL12.

To cover wider genome alterations along with those related to mi-
tochondrial genes, 20 nuclear genes were selected belonging to dif-
ferent functional categories such as uncoupling proteins (UCP2 and
UCP3), cell metabolism (ABCA1, ABCG1, AK4), cell cycle (CCNG2), cell
signaling (CEBPB, GPR18), cell transport (HSPA5, SLC7A11, SRXN1),
cell differentiation (ID2, VPREB1), enzyme activity (CRIM1), bio-
synthesis (HMGCS1), immune system (IL-32), oxidoreductase activity
and oxidative stress (NQO1, OSGIN1), and redox signaling (TXNIP).
18S rRNA, already validated as an appropriate reference gene, was used
for normalization (Banda et al., 2008).

Primer pairs for each gene were designed based on the entire coding
region of the candidate genes using Primer-BLAST (Ye et al., 2013)
according to the following parameters: primer length of about 20 bases,
GC content of 45–60%, melting temperature (Tm value) between 58
and 59 °C, and amplicon product size ranging from 50 to 150 base pair.

2.5. Reverse transcription, qPCR reactions and relative quantification

First, cDNA was synthesized using 5 μL of total RNA (500 ng) ac-
cording to the instructions of TaqMan™ MicroRNA Reverse
Transcription Kit protocol (Thermo Fisher Scientific, Spain). cDNA was

Table 1
Relation between food contamination levels and plasma concentration
(Devreese et al., 2013; Korkalainen et al., 2017).

Plasma concentration (μM) Food contamination (μg/kg)

BEA EN B

0.1 78 64
0.5 390 320
1.5 1170 960
3 2340 1920
5 3900 3200
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subsequently stored at −20 °C until use for qPCR reactions. qPCR was
performed for all primer pairs and a single amplification product was
obtained for each gene by the melting curve assay. Primer amplification
efficiency was determined from standard curve generated by cDNA
serial dilution (2 fold each) for each gene in triplicate. Correlation
coefficients (R2) and amplification efficiencies (E) for each primer pairs
were calculated from slope of regression line by plotting mean Cq va-
lues against the log cDNA dilution factor in StepOne software (Table 2).
Real-time amplification reactions were performed in 96 well plates
using SYBR Green detection reactive and run in triplicate on 96-wells
plates with the StepOne Plus Real-time PCR instrument (Applied Bio-
systems). Reactions were prepared in a total volume of 10 μl containing:
3 μl of 1:2 diluted template, 2 μl of amplification primer mix (forward/
reverse of each gene) (2.5 μM) and 5 μl of 2× Fast SYBR Green (Ap-
plied Biosystems). Non-template controls (NTC) were also included for
each primer pair, replacing the template by DNAse and RNAse free
water from the RNA extraction kit.

The cycling conditions were set as default: initial denaturation step
of 95 °C for 5min to activate the Taq DNA polymerase, followed by 40
cycles of denaturation at 95 °C for 15 s, annealing temperatures ranging
from 58 to 59 °C (depending on the primers) for 15s and elongation at
72 °C for 45s. The melting curve was generated by heating the amplicon
from 60 to 90 °C. Baseline, threshold cycles (Ct) and primer parameters
analysis were automatically determined using the StepOne Plus
Software version 2.3 (Applied Biosystems). All the experiments were
done according to MIQE (Minimum Information for Publication of
Quantitative Real-Time PCR Experiments) guidelines32.

2.6. Statistical analysis

In order to assess the statistical analysis, normalized Cp calculated
as ΔCp (experimental Cp -housekeeping Cp mean) obtained by qPCR
was used. Student test was applied to evaluate differences between
groups. Statistical analysis was performed with SPSS 24.0 (IBM Corp.,
Armonk, NY, USA). p < 0.05 was considered to indicate a statistically
significant difference.

2.7. Bioinformatics

ToxPi interactive software tool was used to compare the modes of
action of the compounds33. Gene selection was based on previous
findings in immunotoxic gene signature12. ToxPi score (0–1) was cal-
culated for each individual mycotoxin exposure on each different
functional GO by dividing the results obtained on the genes involved in
the GOs after each exposure condition (BEA 1.5 μM; BEA 3 μM; BEA
5 μM; EN B 1.5 μM; EN B 3 μM; EN B 5 μM) by the maximum results on
the same genes from all the exposure conditions. Hierarchical clustering
was completed with the programs Cluster (uncentered correlation;
average linkage clustering) and Treeview34. Red and green indicate up-
and down-regulation vs. average expression of control samples.

3. Results

3.1. Gene expression analysis

The expression of the 30 genes studied after BEA and EN B co-ex-
posure in Jurkat cells was determined by qPCR. Cp values and sig-
nificant differences compared with vehicle control are summarized in
Table 3.

As it can be observed, MT-CO1 and CO3 were up-regulated while
the other mitochondrial genes checked did not show a clear pattern.
Except these two genes, all of them were slightly altered, up- or down
-regulated depending on the concentration, less than 1-fold change
compared to control. On the contrary, nuclear gene expression was less
altered than mitochondrial but it showed three different shapes. CEBPB,
UCP2, UCP3, ABCG1, MRPL12, OSGIN1, CCNG2, CRIM1 and IL-32

were down-regulated in a concentration-dependent manner; SLC7A11,
NQO1, HMGCS1, VPREB1, ABCA1, AK4 and ID2 were slightly down-
regulated at the three studied concentrations but their expression was
not correlated with dose; GPR18, SRXN1 and HSPA5 were to some
extent down- or up-regulated. Finally, TXNIP showed a little up-reg-
ulation in a concentration-dependent manner. Although not all the re-
sults were statistically significant (Table 3), altered expression was
constant among biological replicates.

3.2. Mixture vs. individual mycotoxin exposure

A comparison between mixture exposure results by qPCR and those
obtained from individual Jurkat cells exposure to BEA or EN B by RNA
sequencing is shown in Fig. 1. In first place, it can be perceived that
mixture exposure at low concentrations triggered smaller expression
changes in the selected genes than the studied individual exposure
concentrations, which is in accordance with the previous tendency
observed in the individual mycotoxin contamination results, especially
when using BEA (Manyes et al., 2018; Escrivá et al., 2018).

Mitochondrial gene expression in mixture exposed cells does not
follow a clear profile while it does in individual exposed ones; never-
theless, slender up-regulation predominates for all genes but MT-ND4L
and MT-RNR2. MT-CO1 and 3 gene expressions are the most unlike
comparing individual and combined exposures, where they appear
down- and up-regulated, respectively. On the lower part of Fig. 1, MT-
RNR2 shows a tendency to be up-regulated at all treatments excluding
the lowest mixture concentrations used, where a slight down-regulation
appears.

Regarding nuclear genes, the opposite expression trend continued
between mixture and individual exposed cells. Whereas gene tran-
scription down-regulation prevailed after mixtures exposure at low le-
vels, apart from TXNIP (Table 3), individual exposure was followed by
up-regulation (Fig. 1).

3.3. ToxPi results

Functional data analysis performed by ToxPi software/US EPA was
focused on specific biological processes and molecular functions based
on the most relevant Gene Ontology (GO) annotations in which the
studied genes were involved (Fig. 2). The selected relevant GOs were in
agreement with previous immunotoxicological transcriptomic studies
(Shao et al., 2014). GOs are listed as follows: regulation of cell cycle and
apoptosis; metabolism and transport of cholesterol; cellular signaling
transduction; cellular stress responses; immune regulation; protein
metabolism; retinoic acid metabolism; and regulation of transcription.

The expression level of the 30 studied genes after BEA and EN B
individual exposure to human Jurkat T cells was obtained from pre-
vious NGS transcriptomic experiments recently carried-out by the re-
search group (Escrivá et al., 2018; Alonso-Garrido et al., 2018). BEA:EN
B mixture exposure results were not included because of the small fold
changes obtained.

As it is shown in Fig. 2, the pattern observed after the exposure to
the highest EN B concentrations (3 and 5 μM) were considerably similar
between them but quite far from the lowest concentration (EN B
1.5 μM). Indeed, the highest EN B doses reached the maximum ToxPi
score (1) in 7 out of the 8 studied GOs: regulation of cell cycle and
apoptosis, metabolism and transport of cholesterol, cellular stress re-
sponses, regulation of transcription (5 μM); cellular signaling trans-
duction, immune regulation, and retinoic acid metabolism (3 μM).
However, ToxPi scores at the lowest EN B concentration were below
0.45 for all the studied GO annotations.

With regard to BEA exposure, relevant ToxPi scores were observed
at the highest concentration (5 μM) for protein metabolism (1), cellular
signaling transduction (0.96), regulation of cell cycle and apoptosis
(0.86), and cellular stress responses (0.84); while values were lower
than 0.76 after BEA 3 μM and no score at all at the lowest concentration
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(1.5 μM).

4. Discussion

The qPCR study carried out shows how Fusarium mycotoxins BEA
and EN B induce transcriptional alterations in Jurkat cells at low con-
centrations which represent realistic scenarios (Table 1). It is important
to highlight that the European Food Safety Authority highest mean
acute exposure estimate in Europe is 0.05 μg BEA/kg body weight (bw)
per day and 4.67 μg EN/kg bw/day for toddlers. Toddlers have been
described as the age cluster with the highest dietary chronic and acute
exposure to both BEA and the sum of ENs (EFSA 2014). A toddler of
10 kg in Europe may have an intake of 46.7 μg EN and 0.5 μg BEA per
day.

Regarding the genes whose proteins form the electron transport
chain (Table 3), higher expression alteration was observed than in
nuclear genes but no pattern can be suggested except for MT-CO1 and 3
that were slightly up-regulated. MT-CO1, the most up-regulated of
these two genes, has been related to enhanced mitochondrial oxidative
phosphorylation, allowing cells to produce high amounts of ATP
(Whitaker-Menezes et al., 2011). The immune synapse is where cell
signaling occurs between T cell and an antigen-presenting cell. Mi-
tochondria are carried to the synapse following their interaction with
matching antigen-presenting cells and are intentionally localized there
because polarization of different structures and transport of ions across
membranes necessitate energy delivered as ATP (Quintana et al., 2012).

On the contrary, the expression of eight nuclear genes (ABCG1, IL-
32, CEBPB, MRPL12, OSGIN1, UCP2, UCP3, CCNG2, and CRIM1) as-
sociated with oxidative stress processes was slender down-regulated in
a concentration-dependent manner and TXNIP, up-regulated (Table 3).
Interestingly, it has been seen that ABCG1 regulates T cell differentia-
tion into Tregs, highlighting a pathway by which cholesterol accumu-
lation can influence T cell homeostasis in atherosclerosis (Cheng et al.,

2016). Moreover, it has been reported a role for IL-32 in cholesterol
transporters regulation and a direct influence in ABCA1 and ABCG1
mRNA levels, in agreement with results shown in Table 3 (Damen et al.,
2018). About the other mentioned genes, CEBPB down-regulation can
affect the differentiation of T-cells and the activation of the immune
and inflammatory responses (Pan et al., 2014). CCNG2 blocks cell cycle
entry thought activation of PI3K (Martínez-Gac et al., 2004). Recently,
it has been confirmed that reduction of membrane protein CRIM1 de-
creases e-cadherin and increases claudin-1 and MMPs, enhancing the
migration and invasion of renal carcinoma cells (Ogasawara et al.,
2018). MRPL12 belongs to a set of ribosomes needed to translate the 13
mtDNA-encoded mRNAs involved in oxidative phosphorylation (Nouws
et al., 2016). OSGIN1 together with p53 is involved in regulating mi-
tochondrial structure and function (Hu et al., 2012). UCP2 has highly
important roles in mediating ROS production and regulating apoptosis
and autophagy, as well as maintaining gap junction integrity and pro-
gesterone in cumulus cells synthesis (Ge et al., 2017). UCP3 is located
with UCP2 in the mitochondrial membrane and its expression is asso-
ciated with body mass index, percentage of lean body mass, and per-
centage of mass in the postoperative period (Oliveira et al., 2017).

Cells individually exposed to both BEA and EN B at high con-
centrations showed a clear down-regulation of the mitochondrial genes
highlighting a great relevance to mitochondria as a target site (Alonso-
Garrido et al., 2018; Escrivá et al., 2018). Analyzing these results, it can
be suggested that BEA:EN B mixture at low levels in Jurkat cells pro-
vokes a more dangerous transcriptomic profile than the individual ex-
posure of these mycotoxins because it upregulates CO1 and 3 which will
provoke more ROS generation than normal conditions. In addition, it
down-regulates the expression of antioxidant-activity related genes
(ABCG1, IL-32, CEBPB, MRPL12, OSGIN1, UCP2, UCP3, CCNG2, and
CRIM1) among other important cell functions. This could lead to an
impaired immune function because ROS balance in T cells must be
strongly regulated during antigen activation (Zhang et al., 2016).

Table 3
qPCR results triggered by BEA:EN B exposure during 24 h in Jurkat cells. Average expression of genes normalized Cp± standard deviation and log2RQ. *p < 0.05,
**p < 0.01 and ***p < 0.001 compared with the control. RQ, relative quantity. log2RQ C control = 0. Cp norm = normalized Cp using reference gene results.

Gene Control 0.1 μM 0.5 μM 1.5 μM

Cq norm Cq norm log2RQ Cq norm log2RQ Cq norm log2RQ

ABCA1 21.72 ± 0.01 20.56 ± 0.36 −0.08 21.53 ± 0.02 −0.01 17.86 ± 0.30* −0.28
ABCG1 15.85 ± 0.23 15.34 ± 0.50 −0.05 14.15 ± 0.13 −0.16 13.99 ± 0.19* −0.18
AK4 16.84 ± 0.24 15.20 ± 0.35* −0.15 13.68 ± 0.11* −0.30 16.05 ± 0.12 −0.07
CCNG2 19.10 ± 0.19 18.60 ± 0.11** −0.04 18.07 ± 0.13* −0.08 16.67 ± 0.11 −0.20
CEBPB 12.60 ± 0.35 12.18 ± 0.31 −0.05 10.75 ± 0.19** −0.23 9.99 ± 0.06** −0.34
CRIM1 18.04 ± 0.03 17.62 ± 0.21 −0.03 17.20 ± 0.35 −0.07 16.08 ± 0.12* −0.17
GPR18 14.00 ± 0.02 14.24 ± 0.26 0.03 12.96 ± 0.20 −0.11 11.87 ± 0.03* −0.24
HMGCS1 13.23 ± 0.06 11.32 ± 0.20* −0.22 11.40 ± 0.00* −0.22 10.60 ± 0.07* −0.32
HSPA5 8.56 ± 0.46 9.45 ± 0.63 0.14 6.26 ± 0.11 −0.45 6.72 ± 0.06** −0.35
ID2 12.95 ± 0.06 12.30 ± 0.08 −0.07 12.03 ± 0.14 −0.11 12.19 ± 0.06 −0.09
IL-32 13.47 ± 0.02 13.26 ± 0.17 −0.02 12.50 ± 0.07** −0.11 12.34 ± 0.22 −0.13
MRPL12 9.83 ± 0.21 9.30 ± 0.29 −0.08 8.99 ± 0.09 −0.13 8.70 ± 0.20** −0.18
MT-ATP6 2.20 ± 0.09 3.92 ± 0.56 0.14 1.81 ± 0.16 −0.65 3.62 ± 0.03* 0.56
MT-ATP8 2.26 ± 0.05 2.48 ± 0.03 0.83 1.43 ± 0.05* −0.28 3.33 ± 0.10* 0.72
MT-CO1 1.27 ± 0.12 1.89 ± 0.15* 0.57 4.96 ± 0.01* 1.96 4.72 ± 0.12* 1.89
MT-CO3 1.18 ± 0.20 2.24 ± 0.45 0.92 2.27 ± 0.12 0.94 1.96 ± 0.02 0.73
MT-ND2 4.23 ± 0.07 4.31 ± 0.03 0.02 2.94 ± 0.08** −0.53 4.71 ± 0.44 0.15
MT-ND3 2.46 ± 0.07 2.97 ± 0.09 0.27 2.14 ± 0.13 −0.20 4.40 ± 0.03* 0.84
MT-ND4 2.26 ± 0.18 1.93 ± 0.44 −0.23 2.74 ± 0.12 0.27 4.23 ± 0.08* 0.90
MT-ND4L 4.92 ± 0.45 5.22 ± 0.57 0.09 3.34 ± 0.08 −0.56 2.73 ± 0.12 −0.85
MT-ND5 6.12 ± 0.16 6.81 ± 0.18 0.15 4.60 ± 0.13** −0.41 6.63 ± 0.11 0.11
MT-RNR2 2.42 ± 0.05 1.80 ± 0.00* −0.43 1.76 ± 0.02* −0.46 3.36 ± 0.12* 0.47
NQO1 9.95 ± 0.04 8.77 ± 0.12* −0.18 8.93 ± 0.40 −0.16 8.37 ± 0.03*** −0.25
OSGIN1 15.24 ± 0.14 14.87 ± 0.02 −0.04 14.19 ± 0.14** −0.10 13.33 ± 0.05* −0.19
SLC7A11 17.27 ± 0.22 15.89 ± 0.01 −0.12 15.68 ± 0.31 −0.14 15.66 ± 0.03 −0.14
SRXN1 11.88 ± 0.03 12.10 ± 0.21 0.03 10.86 ± 0.08* −0.13 10.94 ± 0.28* −0.12
TXNIP 8.60 ± 0.35 8.58 ± 0.03 0.00 8.94 ± 0.24 0.06 10.10 ± 0.03 0.23
UCP2 9.10 ± 0.13 8.76 ± 0.06 −0.05 7.58 ± 0.16 −0.26 7.38 ± 0.03* −0.30
UCP3 20.79 ± 0.42 19.61 ± 0.38* −0.08 18.29 ± 0.34* −0.19 17.80 ± 0.11 −0.22
VPREB1 22.30 ± 0.62 20.74 ± 0.33 −0.10 18.01 ± 0.01 −0.31 20.44 ± 0.24 −0.13
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The available information on the human genome alteration induced
by BEA and EN B is limited, and there are no previous studies evalu-
ating the effects of BEA:EN B co-exposure at transcriptional level.
However, some individual exposure transcriptome studies by micro-
arrays and qPCR have been performed in different cell lines. Expression
of genes related to ABC transporter activity (ABCB1, ABCG2), mi-
tochondrial function (MT-CO1) and apoptosis (BAX, BCL2, CASP3) was
evaluated by qPCR in cumulus cells and oocytes after BEA exposure
(10 μM; 22–44 h). Increased expression of ABCB1, ABCG2 and BCL2 in
cumulus cells, and increased MT-CO1 expression in oocytes was dis-
covered. Authors concluded that mitochondrial function was altered by
BEA exposure in oocytes without signs of apoptosis pathways activation
(Schoevers et al., 2016).

The mechanism of toxicity of EN B (1–20 μM; 4 h) was assessed by
microarrays in rat primary hepatocytes revealing 37 down-regulated
genes involved mitochondrial organization, highlighting genes asso-
ciated with apoptosis and cell signal transduction. Genome profiling
revealed altered mitochondrial organization and dysfunction of the
mitochondrial electron transport chain due to effects on function and
assembly of complex I, with alteration of the energy metabolism.
Authors suggested EN B as acting through energy deprivation due to

mitochondrial alteration in HepG2 and Balb 3T3 cells, and by necrotic
cell death in primary cells (Jonsson et al., 2016).

Proinflammatory interactions between the multiple microbial
agents were studied in macrophages derived from human THP-1
monocytic cells after EN B (5 μM; 24 h) exposure. Expression of proin-
flammatory cytokines (TNFa and IL-1b) was slightly altered inducing
mitochondrial damage and autophagocytosis with β-glucan and lipo-
polysaccharides co-exposure. Both co-exposures synergistically in-
creased the expression levels of several inflammation-related genes, as
well as induced inhibitory effects in some of the responses indicating
that effects on immune system largely depend on substances combi-
nations and their concentrations, which hinder the prediction of total
exposure consequences (Korkalainen et al., 2017).

Recently, transcription levels were evaluated by qPCR in mice
blastocysts after parents EN B1 intravenously administration (1, 3, and
5mg/kg/d) prior matting, showing down-regulation of genes related to
innate immunity (IL-8, IL-1β and CXCL1), and suggesting the potential
of EN B1 to exert cytotoxic effects on embryos as well as, oxidative
stress and immunotoxicity during mouse embryo development (Huang
et al., 2018).

In previous studies for the identification and validation of genomic
human immunotoxicity biomarkers, some mycotoxins were tested at
sub-cytotoxic doses in Jurkat T cells and gene expression levels of 25
genes -including 15 common genes in the present study-were assessed
by qPCR. Although the emerging mycotoxins were not included, the
Fusarium mycotoxin Zearalenone revealed cellular stress response, im-
mune regulation, regulation of cell cycle and apoptosis, and regulation
of transcription as the main representative GOs based on the ToxPi
scores (Schmeits et al., 2017), while the most relevant GO annotations
for Ochratoxin A included cellular signal transduction, regulation of
transcription, and retinoic acid metabolism (Shao et al., 2014). When
comparing both mycotoxins in ToxPi (Fig. 2), higher intensities for the
studied GOs were observed for EN B, however common representative
biological processes were identified for both mycotoxins at the highest
concentrations (5 μM): regulation of cell cycle and apoptosis, and cel-
lular stress responses as Zearalenone, and cellular signaling transduc-
tion as Ochratoxin A. These relevant processes are in agreement with
recent investigations in Jurkat cells which showed cell cycle arrest in S
phase and a decrease in the cells percentage in G2/M stage for both
mycotoxins at the same tested levels, as well as increase in early
apoptotic or apoptotic/necrotic cells with increase of caspases 3/7 ac-
tivation. However, stronger effects were observed after BEA exposure
than for EN B (Manyes et al., 2018).

5. Conclusions

To sum up, transcriptomic changes in Jurkat cells are revealed at
genes codifying mitochondria related proteins after BEA end EN B
mixture exposure at low levels during 24 h. The expression profile after
mycotoxin mixture exposure was the opposite of those after individual
and higher concentration exposures, showing a down-regulation of the
expression of antioxidant activity related genes. Longer exposures of
several months, as in adults the pool of mature T cells is relatively self-
sufficient, and different concentrations and proportions of the emerging
Fusarium mycotoxins, as they are found in food, should be studied in
order to simulate chronic intake and perform a precise risk assessment.
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Fig. 1. Hierarchical clustering of the mRNA expression levels of 30 genes tested
in human Jurkat T cells exposed to BEA and EN B (0.1, 0.5 and 1.5 μM; 24 h).
Values represent the average ± SD of technical triplicates. Each compound
was tested in three independent biological replicates. Color scale represents
log2 ratios vs. vehicle control. Red indicates gene up-regulation, while green
indicates down-regulation. RQ, relative quantification. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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