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SUMMARY

Deoxynivalenol (DON) is the most prevalent mycotoxin naturally
present in grains and other commodities. It is produced by toxigenic fungus
Fusarium species that are common pathogens of cereal crops under
temperate climate. In pigs, chronic exposure to DON reduces feed
consumption and weight gain, induces neuro-endocrine changes, and alters
intestinal and immune functions. Cadmium (Cd) is one of common and
widespread toxic heavy metals found naturally in the Earth’s crust. Its
presence in the environment is a consequence of both natural and
anthropic processes. Cd can be released into soil, water and air. It is soluble
in water and can be uptake by plant roots and accumulate into the edible
parts especially cereal products. Chronic intoxication with Cd may result in
various organs damage especially kidney. Through its high consumption of
cereals, pigs can be exposed to both DON and Cd. Using pig intestinal
explants this study was designed to analyze their intestinal toxicity when
present alone or in combination. Jejunal explants were treated with
increasing concentration of both contaminants for 4 hours and the
expression of 17 genes targeting the immune response (IL-1(, IL-1q, IL-8,
IL-10, IL-17a, IL-22, IFN-y, TGF-B, TNF-a), and the oxidative stress (NF-xB,
MT1A, MT2A, CCS, SOD1, SOD2, CAT, DUOX) was analyzed by RT-qPCR. Our
data confirm the inflammatory effect of DON with induction of the
expression of genes encoding for IL-1p, IL-1¢, IL-8, and TNF-a. Exposure of
pig explants to Cd induced the gene expression of metallothioneins (MT1A4,
MT2A) but did not have any effect on the inflammatory genes. When DON
and Cd were present together, an increased expression of both
inflammatory genes and metallothioneins genes was observed. Taken
together our data demonstrate a specific intestinal effect of DON and Cd
and suggest that these contaminants do not interact at the intestinal level.
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INTRODUCTION

The trichothecene deoxynivalenol (DON), known colloquially as
“vomitoxin”, is a secondary metabolite mainly produced by the Fusarium
genus. DON and other trichothecene mycotoxins are commonly found
worldwide in cereals including wheat, barley, oat, rye, and corn, which is an
increasing food safety concern in the world [Pestka, 2010; Payros et al,,
2016; Placinta et al, 1999]. Human and animals are exposed to these
mycotoxins by consumption of contaminated cereals leading to health
problems. DON causes gastroenteritis with some primary symptoms of
nausea, diarrhea and vomiting. Apart from gastroenteritis, DON exposure
induces growth effects and anorexia, immune dysregulation, reproductive
and teratogenic effects in experimental animals [Pestka, 2010; Smith et al.,
2012].

In recent decades, amount of researches carried out on swine have
demonstrated that it is the most susceptible animal to DON. The reason
maybe that DON absorption is very rapid in swine and it reaches peak
plasma concentration rapidly [Pestka et al., 2005; Prelusky et al., 1998].
Chronic ingestion in piglets of DON at concentration of 3 mg/kg of feed
induced morphological and histological changes in jejunum, altered the
gene expression of inflammatory cytokines and the serum biochemical
profile and simultaneously altered the integrity of the intestinal barrier
[Bracarense et al., 2012; Wu et al., 2015]. At lower concentration (0.9
mg/kg feed), a short-term exposure to piglets negatively affected weight
gain, induced histomorphological alterations in the jejunum and affected,
the mRNA expression of different tight junction proteins, of inflammatory
and of oxidative stress marker, along the intestine [Alizadeh et al., 2015].

Cadmium (Cd) is one of the most toxic heavy metal pollutants. Due to
its high mobility in soil, plant, and water systems, it is widely distributed in
the environment [Manquian-Cerda et al., 2016]. The soluble form of Cd in
water can be uptaken by plant roots and accumulated into the edible parts
especially of cereals. The Cd concentration in crops increases with the
increasing Cd concentration in soil [Jones et al., 1992; Andersson et al.,
1985], causing concern for the long-term dietary intake of Cd. In addition,
Cd is carcinogen [Jarup & Akesson, 2009; Joseph, 2009]. Exposure to Cd can
damage various organs, such as heart, lung, liver, kidney and bone. Kidney
is considered to be the main target of Cd-induced toxicity [Wiostowski et
al,, 2008; Wang et al,, 2011]. The well-known effect caused by Cd is “Itai-
[tai” disease in Japan [Ishihara et al., 2001].

Swine is one of the main experimental animals for the study of
cadmium toxicity. Some reports have shown that there was a marked
correlation between cadmium levels in porcine kidney and cadmium in
feed [Wu et al,, 2012; Grawé et al.,, 1997]. Human is at the top of food chain,
therefore an increase Cd concentration in pig might be an indicator of an
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increase in human Cd exposure [Grawé et al., 1997]. Kidney and liver are
the two dominating organs where Cd distributes to and accumulates in, and
where it exerts toxicity [Grawé et al, 1997; Hoogenboom et al., 2015;
Tomovi¢, et al, 2011]. Ingestion of food and water contaminated by Cd
reduced the number of lymphocytes, affected the serum biochemical profile
[Du et al., 2013].

As described above, the main source of Cd and DON exposure is the
diets. Hence the intestine could be the target organ for both ingested Cd
and DON [Pestka, 2010; Smith et al., 2012; Jones et al., 1992; Ninkov et al.,
2015]. In addition, swine is susceptible to these contaminants. Thus, it is a
good way to use a pig intestinal explants model to explore the combined
toxicity of Cd and DON. This ex vivo model helps to reduce the number of
experimental animals and preserves the normal morphological structure of
intestine [Nietfeld et al., 1991]. Previous studies have used the pig jejunal
explants to explore the gastrointestinal toxicity of DON [Lucioli et al., 2013;
Pierron et al,, 2016], and to analyze the toxicity and the interaction types of
mixtures of different mycotoxins [Basso et al., 2013; Alassane-Kpembi et
al,, 2017].

Our aim was to analyze for the first time the toxic effects of Cd and
DON, alone or in combination, as well as the interaction types between
them in the intestine. We assessed the dose-dependent effect of DON and
Cd on the expression of different genes by quantitative real-time
polymerase chain reactions.

MATERIAL AND METHODS

Animals

Six crossbred piglets (Landrace x Large White x Duroc), 5 week-old
were housed in the animal facility of the INRA ToxAlim Laboratory
(Toulouse, France) and used for explants experiments and. The
experimental procedures were conducted in accordance with European
Guidelines for the Care and Use of Animals for Research Purposes and were
approved by the Ethics Committee of Pharmacology-Toxicology of
Toulouse-Midi-Pyrénées (TOXCOM/0163 PP-APAFiS#6303). Animals were
fed ad libitum prior to the experiment.

Toxins

DON and Cd were obtained from Sigma (St Quentin Fallavier, France).
DON and Cd stock solutions (5 mM concentration) were prepared in sterile
water and stored at =20 °C. Working dilutions were prepared in William'’s
medium E (Sigma). The concentration range of DON and Cd were 0-24uM
and 0-96 uM respectively. Explants were also exposed to a combination of
DON and Cd at a ratio 1 DON/1 Cd in the range of doses 0/0 to 24 /24 pM.



42 Su Luo et al.

Culture of explants and exposure to DON and Cd

Jejunal explants were obtained immediately after euthanasia as
previously described [25]. Fragments of 5 cm of middle jejunum were
washed 4-6 times with phosphate buffered saline (PBS) and opened
longitudinally with sterile scissors. Explants were collected by a biopsy
punch (6 mm). Three explants were deposited, villi upward, on biopsy
sponges in six-well plates containing control or DON-, Cd-, and DON/Cd-
contaminated medium. All these operations were achieved in 1 h after the
piglets were euthanized. Plates were incubated at 39 °C, 5% CO; for 4 h.
Then explants were stored at -80 °C before transcriptional analysis

RNA extraction

Jejunal explants were lysed in 1 mL of Extract All reagent (Eurobio, Les
Ulis, France) with ceramic beads (Bertin Technologies, St. Quentin en
Yvelines, France). Total RNA was extracted as previously described [26,28].
The RNA concentration was measured by spectrophotometric analysis with
Nanodrop ND1000 (Labtech International, Paris, France). The quality of
RNA was determined by capillary electrophoresis with Agilent 2100
Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA).

Quantitative real-time polymerase chain reaction (RT-qPCR) analysis

The RT-qPCR were performed using total RNA samples (n = 6 per
treatment group) as previously described[26]. Non-reverse-transcribed
RNA was used as non-template control for verification of absence of
genomic DNA amplification signal. The specificity of the qPCR products was
assessed at the end of the reactions by analyzing the dissociation curves.
Primers were purchased from Sigma. The list of primers and corresponding
genes is presented in table 1. Amplification efficiency and initial
fluorescence were determined by LinRegPCR(2014.x) for Real Time-PCR
method [29]. Then values obtained were normalized by both house-
keeping genes, 32-microglobulin and ribosomal protein L32(RPL32), which
were chosen with NormFinder software [30]. Finally, gene expression was
expressed relatively to the control group as already described [25].

Statistic analysis

All data was analyzed by R program (version 3.3.2, 31.10.2016). One-
way ANOVA was used to analyze the significance when data exhibited
normal distribution. Otherwise, Kruskal test was used, followed by Tukey
HSD (multi-comparison). A p-value <0.05 was considered significant.
Graphs were made by GraphPad Prism 4.
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Table 1. Primer sequences

Gene

Accession number and

Gene name Primer sequence
symbol reference
IL-1B Interleukin 1-beta F : GAGCTGAAGGCTCTCCACCTC NM_001005149[28]
R:TTGTTGCTATCATCTCCTTGCAC
IL-1a Interleukin 1-alpha F :TCAGCCGCCCATCCA NC_010445.3[31]
R :AGCCCCCGGTGCCATGT
TNF-a Tumor necrosis factor-  F: ACTGCACTTCGAGGTTATCGG NM_214022[31]
alpha R : GGCGACGGGCTTATCTGA
IL-8 Interleukin 8 F :GCTCTCTGTGAGGCTGCAGTTC NM_213867[28]
R :AAGGTGTGGAATGCGTATTTATGC
MT-1A Metallothionein 1A F :GCAAATGCACCTCCTGCAAG ENSSSCT00000031974.
R:CAGCCCTGGGCACACTTG 1 (This study)
MT-2A Metallothionein 2A F:CTGCAAATGCAAAGAGTGCAAA ENSSSCT00000029059.
R:ACACTTGGCACAGCCCACA 1 (This study)
RPL32 Ribosomal Protein L32  F:AGTTCATCCGGCACCAGTCA NM_001001636[32]
R :GAACCTTCTCCGCACCCTGT
B2- 2-Microglobulin F: TTCTACCTTCTGGTCCACACTGA NM_213978[32]
Microglob R: TCATCCAACCCAGATGCA
RESULTS

Individual or combined effect of DON and Cd on the expression of
cytokine genes

Cytokines are very important in cell signaling and play a key role in
immunomodulatory process. In order to determine the individual or
combined effect of DON and Cd on the intestinal immunity, the mRNA
expression of nine genes involved in inflammation (IL-14, IL-1a, IL-8, IL-10,
[L-17a, IL-22, IFN-y, TGF-$, TNF-a) was analyzed by RT-qPCR.

The results showed that the expression levels of four inflammatory
factors (IL-1B, IL-1a, IL-8, and TNF-a) were significantly elevated in the
explant treated with DON at doses above 3uM (IL-1, IL-8) or 24 uM (IL-1a,
TNFa) (Fig.1). By contrast, in the Cd treatment groups, the expression
levels of these genes were not affected (Fig. 1). In the explants exposed to
the combination DON/Cd (ratio 1/1), the mRNA expression levels of these
genes gradually increased in a dose-dependent manner, and the difference
between treatment groups and control group became significant with
doses higher than 6 pM, except IL-1a (Fig. 1).

In terms of genes associated with oxidative stress (NF-xB, MT1A,
MT2A, CCS, SOD1, SOD2, CAT, DUOX), we only observed an increased
expression of metallothioneins (MT1A, MT2A). The expression of these two
genes increased with the increasing doses of Cd, and was statistically
different from the control group at 24 uM. (Fig.2). By contrast, DON did not
altered the expression of metallothioneins (Fig. 2). When explants were
exposed to the two contaminants simultaneously, the gene expression
levels increased in a dose-dependent manner, and the difference between
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treatment and control groups occurred from a dose of 6 pM (ratio 1/1)

(Fig.2).
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Fig.1 Dose-dependent regulation of inflammatory genes in the intestine upon exposure to
DON, Cd and the co-contaminants. Jejunal explants from 6 piglets were exposed to graded
levels of DON, Cd alone or in combination for 4 hours. The mRNA expression levels of IL-1f3,
IL-1a, IL-8, TNF-a, were measured by quantitative RT-PCR and analyzed using R program.
RPL-32 and B2-microglobulin were used as the internal references. The data are the mean +
sem (n=6 animals). P-values <0.05 is considered significant.

DISCUSSION

In the present study, we explored the combined toxicity of DON and Cd
in the intestine using pig jejunal explants. Previous studies have used this
model of study of the intestine to analyze the effect of cocktail of
mycotoxins [Basso et al., 2013; Kolf-Clauw et al., 2013]. So far, no study
using explants to investigate the toxicity of Cd or Cd combined with
mycotoxins have been reported.
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Fig.2 Dose-dependent regulation of MT genes in the intestine upon exposure to DON, Cd and
the co-contaminants. Jejunal explants from 6 piglets were exposed to graded levels of DON,
Cd alone or in combination for 4 hours. The mRNA expression levels of MT1A and MT2A
were measured by quantitative RT-PCR and analyzed using R program. RPL-32 and (32-
microglobulin were used as the internal references. The data are the mean * sem (n=6
animals). P-values <0.05 is considered significant.

We used the RT-qPCR to detect the modulation of gene expression
caused by the two contaminants. The elevation of four (IL-1{, IL-1«, IL-8,
TNF-a) genes of inflammation were observed following DON exposure as
already observed [Bracarense et al,, 2012; Islam et al., 2006; Chung et al.,
2003].

IL-8 is a chemokine, which recruits neutrophil cells and induces them
to adhere to vascular endothelium and triggers extravasation into tissues
[Linevsky et al., 2007]. TNF-a, IL-1B, and IL-la are pro-inflammatory
cytokines that play a key role in inflammation response. It has been
reported that DON induces upregulation of pro-inflammatory genes
including IL-1pB, IL-6, TNF-a, MIP-2 and IL-8 through activation of MAPK
[Islam et al., 2006; Chung et al., 2003]]. Therefore, we can hypothesize that
the DON-induced MAPKs activation, already shown in explants [Lucioli et
al,, 2013] leads to an up-regulation of IL-1f3, IL8, TNF-a and IL-1 a.

Metallothioneins are the markers of heavy metal toxicity and are
necessary in Cd accumulation [Hoogenboom et al, 2015; Henry et al,
1994]. There are four isoforms of metallothioneins (MT-1 - MT-4), among
which the MT-1 and MT-2 are the most common. They are ubiquitous in
liver, intestine, pancreas and kidney [Sato & Kondoh, 2002; Werynska et al.,
2015]. A decrease in metallothionein level in rat liver after exposure to
moldy wheat contaminated by DON, zearalenone, T2-toxin and aflatoxins
was observed. When feed was supplemented with vitamins, the levels
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increased depending on the content of moldy wheat [Vasatkova et al,
2009]. To the best of our knowledge there is no report describing how DON
affects the expression levels of metallothionein genes. In the present study,
in the intestine exposed ex vivo, we did not observed any effect of DON on
their expression at mRNA level.

MT levels and the mRNA expression levels of MT-1 and MT-2 have
been found increased in pig kidney and rat mesenteric lymph node (MLN)
after Cd exposure [Hoogenboom et al, 2015; Ninkov et al., 2015]. The
present study corroborates the results obtained by Ninkov et al.

Cd exposure in rat for 30 days, could also induce mRNA up-regulation
of pro-inflammatory cytokines in the intestine including TNF, IL-1 , IFN- ,
and IL-17 [Ninkov et al., 2015]. Nevertheless, in our study, Cd do not affect
the expression of inflammatory cytokines genes. We can make the
hypothesis that the duration of exposure of the explants was too short to
observe any effect.

CONCLUSIONS

In summary, at the level of gene expression level in the jejunal explants
model, the combined effects of DON and Cd correspond to the effects of the
individual compounds suggesting that these contaminants do not interact
with each other.
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