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ABSTRACT

Deoxynivalenol (DON) is one of the most common mycotoxins in cereals and their by-
products. Its adverse effects on animal and human health have been extensively
studied in the intestine, but little attention has been paid to another target organ for
mycotoxins, the liver that is potentially exposed after intestinal absorption and
enterohepatic circulation. To assess DON's toxicity in an ex vivo model structurally and
physiologically closer to the whole liver, we developed a pig precision-cut liver slices
(PCLS) model. PCLS contain all cell types and maintain intercellular and cell-matrix
interactions, among other architectural features of the liver. The human HepG2 cell
line was used for comparison. We observed that after a short exposure, DON reduced
the cell viability of HepG2 cells and induced the expression of genes involved in
apoptosis, inflammation and oxidative stress. When PCLS were exposed to DON,
damage to the tissues was observed, with no changes in markers of liver function or
injury. Exposure to the toxin also triggered liver inflammation and apoptosis, effects
already observed in pigs fed DON-contaminated diets. Overall, these data

demonstrate that DON had toxic effects on a liver cell line and on whole liver tissue,
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consistent with the effect observed during in vivo exposure. They also indicate that pig
PCLS is a relevant and sensitive model to investigate the liver toxicity of food

contaminants.
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1. INTRODUCTION

Mycotoxins are toxic secondary metabolites produced by fungi, mainly by Aspergillus,
Penicillium, Alternaria, Fusarium and Claviceps. They are the most frequently
occurring natural contaminants in human food and in animal feed. They are highly
resistant to a range of food processes including cooking and therefore end up on our
plates (Payros et al., 2021a). Estimates show that 60-80% of food crops worldwide are

contaminated with these toxins (Eskola et al., 2020).

Among mycotoxins, deoxynivalenol (DON) is the most prevalent member of the
trichothecene family. It is mainly produced by Fusarium graminearum and F. culmorum
(Knutsen et al., 2017). In Europe, DON was detected in almost half of 26,613 cereal
samples collected from 21 countries, with the highest levels observed in wheat, maize
and oat grains (Knutsen et al., 2017). Similarly, in the southern region of Brazil, one of
the largest crops producing regions, 48% of the maize samples analyzed were

contaminated with this toxin (Oliveira et al., 2017).

In 2017, EFSA set a tolerable daily intake (TDI) of 1 ug/kg of body weight/day for the
sum of DON and its modified forms (Knutsen et al., 2017). Data obtained at the
European and national levels indicate that this TDI may be exceeded in some parts of
the population, particularly children (Knutsen et al., 2017; Narvaez et al., 2022; Vin et

al., 2020), indicating that exposure to DON is of concern for humans.



At the molecular level, DON binds to the 60S ribosomal subunit, inducing ribotoxic
stress, inhibiting protein synthesis and activating mitogen-activated protein kinases
and their downstream pathways (Pestka, 2010a). Vomiting and bloody diarrhea have
been reported following acute exposure to DON (Pestka, 2010b; Ruan et al., 2020).
Chronic exposure to the toxin reduces food consumption and weight gain and induces
neuroendocrine changes (Payros et al., 2016; Terciolo et al., 2018), alteration of the
immune system (Pinton et al., 2008), and disturbance of intestinal morphology and

functions (Pinton and Oswald, 2014; Robert et al., 2017).

The effect of DON on the liver is poorly described, even though it can be a target for
mycotoxins. The functional capacities of this organ are mainly related to anabolic and
catabolic processes including energy metabolism and xenobiotics detoxification,
storage and circulation of nutrients, as well as protein synthesis and bile production. In
vitro studies with human hepatic cells lines have focused on cytotoxicity, apoptotic and
transcription factors (Fernandez-Blanco et al., 2018; Mayer et al., 2017; Smith et al.,
2017a, 2017b; Zhang et al., 2009). The only study carried out on human primary
hepatocytes demonstrated cytotoxicity, decreased albumin secretion and increased
apoptosis (Konigs et al., 2008). In vivo animal trials showed that ingestion of DON
targets the liver; oral exposure to the toxin alters the liver morphology, induces an
inflammatory response, increases apoptosis and oxidative stress (Bracarense et al.,

2017; Gerez et al., 2015; Grenier et al., 2011; Souza et al., 2020; Sun et al., 2014).

In the context of reducing the number of experimental animals (3Rs principles), ex vivo
organ culture is a powerful model that preserves normal histological structure (Maresca
et al., 2018). Indeed, large numbers of explants can be prepared from a single animal,
thus reducing the number of animals and allowing multiple tests. The advantage of ex

vivo approaches for the intestine has been demonstrated through observation of



reproducible toxic effects of mycotoxins, including DON (Alassane-Kpembi et al.,
2017a, 2017b; Gerez et al., 2021; Pierron et al., 2022; Silva et al., 2019, 2014).
Precision-cut liver slices (PCLS) are a physiologically relevant ex vivo model for
hepatic studies (Palma et al., 2019). This model has features close to the in vivo
situation, including the conservation of the complex 3D liver structure, as well as cell—-
cell and cell-matrix interactions. Moreover, PCLS provide the possibility to work with a
complete multicellular liver model including hepatocytes, Kupffer cells, stellate cells,
cholangiocytes and liver sinusoidal endothelial cells. As normal metabolism is
necessary for morphological preservation, structural integrity is a valid criterion to
demonstrate a successful culture (Starokozhko et al., 2015). Methodologies and
parameters to produce and culture PCLS have been optimized over the past decades
(de Graaf et al., 2010; Dewyse et al., 2021). It is now considered that PCLS provides
a useful ex vivo tool to obtain multiple read-outs, and that it is relevant for studies
investigating liver functionality, toxicity, chronic liver diseases and potential adverse
effects on the immune system (Dewyse et al., 2021; Kasper et al., 2005; Wu et al.,
2018). However, studies using ex vivo models from the liver are scarce and their

advantages in analyzing the effects of mycotoxins remains to be demonstrated.

The objective of this work was thus to study the impact of DON on the liver using a
liver slice model. In this model, histological damages, hepatic biomarkers and changes
in gene expression were evaluated. HepG2 cells, which are widely used for

hepatotoxicity studies, were used for comparison.

2. MATERIALS AND METHODS

2.1 Mycotoxin



DON was acquired from Sigma-Aldrich (Saint Quentin Fallavier, France), dissolved in
dimethyl sulfoxide (DMSO) (Sigma-Aldrich), and stored at -20°C until use. Except for
cytotoxicity assays, the DON working concentration was 10 yM, in accordance with
our previous studies performed in different experimental models and tissues

(Bracarense et al., 2020; Gerez et al., 2021, 2017).

2.2 In vitro assay

To evaluate DON hepatotoxicity and effects on gene expression, in vitro assays were
performed using HepG2 cells, a human liver cancer cell line (Sigma, 85011430). Cells
were maintained as previously described (Luo et al., 2019) for gene expression
analysis. To assess the cytotoxicity, HepG2 cells were seeded in 96-white-well flat-
bottom cell culture plates (Greiner, Courtaboeuf, France) (103 cells/well in 100 pL
culture medium). After 24 h, the medium was replaced by a complete medium (without
fetal calf serum) containing DON or vehicle (DMSO) and incubated for 4, 24, and 48 h.
The cytotoxic effects of DON were determined by measuring the reducing potential of
living cells and hence their metabolism, using the RealTime-Glo™ MT Cell Viability
Assay (Promega, Charbonniéres-les-Bains, France). Six biological replicates were

performed.

For gene expression analysis, cells were incubated for 4 h with the mycotoxin or
vehicle, lysed with Extract All (Eurobio, Les Ulis, France), and stored at -80°C prior to

mMRNA extraction. Six biological replicates were performed.

2.3 Preparation of liver slices

Animal experimentation procedures were approved by the Ethics Committee of

Pharmacology-Toxicology of Toulouse-Midi-Pyrénées in animal experimentation



(Toxcométhique) (APAFIS#N2016080314392462), in accordance with the European

Directive on the protection of animals used for scientific purposes.

Liver slices (PCLS) were prepared from liver lateral lobe resected from nine euthanized
male 4-5-weeks-old piglets. The lobe was immediately flushed with an ice-cold sodium

chloride solution (0.9% NaCl) to limit ischemia and remove hemoglobin.

To improve their viability during coring, slicing, and storage procedures, the liver slices
were maintained in Krebs-Henseleit ice-cold buffer supplemented with NaHCO3 (2.1
g/L) and CaClz, 2H20 (0.373 g/L), previously bubbled with carbogen for 1 h. Eight-
millimeter diameter cores were cut out and transferred to the Krumdieck tissue slicer
(Alabama Research and Development, AL, USA) where 250 pm thick slices were cut
(de Graaf et al., 2010). Damaged slices were discarded and perfect slices underwent
homeostasis recovery during a 1 h regeneration step in ice-cold William’s E Medium
supplemented with 1% glutamine and 0.5% gentamycin (Eurobio) bubbled in
carbogen. The slices were deposited in 12-wells culture plates (1 slice per well) for 4
h in 2 mL of complete William’s E Medium previously bubbled in carbogen and
containing 10 yM DON or vehicle. Incubation took place at 37°C under a 95% O2 and

5% CO2-controlled atmosphere.

After the incubation period, the cell culture medium was collected and frozen to detect
hepatic injury markers. Some liver slices were snap-frozen and stored at -80°C until
transcriptomic analyses. Others were fixed for 24 h in 4% buffered formaldehyde
(VWR, Rosny-sous-Bois, France) and stored in 70% ethanol for histology and

immunohistochemical experiments.

2.3.1 Histological evaluation



PCLS incubated for four hours were dehydrated in a series of alcohol solutions of
increasing concentration and embedded in paraffin for histological examination.
Sections of 5 ym were stained with hematoxylin and eosin (HE) and mounted with
coverslips for histological analysis. A morphological lesion score as described by
Terciolo et al. (2019) was used to evaluate histological changes in the liver. The extent
of each lesion (according to the intensity or the frequency observed, scored from O to

3) and the severity factor were used to establish the lesion score scale (Table 1).

Table 1. Histological criteria used to establish liver lesion score.

Type of lesion Severity factor Maximal score
Disorganization of hepatic cords 1 33
Inflammatory infiltrate 1

Cytoplasmic vacuolation 1

Nuclear vacuolation 1

Megalocytosis 2

Apoptosis 2

Necrosis 3

The maximum lesion score was obtained by multiplying the lesion’s maximum extent
level by the organ’s maximum severity factor. The lesion score was obtained by

multiplying the severity factor by the extent of the lesion.

2.3.2 Hepatic biomarkers

To assess liver damage and function, hepatic enzyme activity and protein
concentration were evaluated in the medium after a 4 h incubation period. Alanine
transaminase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP),
lactate dehydrogenase (LDH) activities and total protein (TP) concentrations were
determined on a Pentra 400 chemistry analyzer (Horiba, Les Ulis, France) at the

Anexplo Platform in Toulouse (France).

2.3.3 Immunohistochemical assessment of apoptosis



Apoptosis was assessed on liver slices by immunohistochemical analysis using the
antibody anti-cleaved caspase-3 (CCasp3) (clone Asp 175, 1:200 dilution, Cell
Signaling Technology, Beverly, MA) and the procedures previously described
(Bracarense et al., 2017). Cells with positive immunostaining were counted in five
random fields per section at 400x magnification, as described previously (Gerez et al.,

2015).

2.4 Expression of mRNA encoding genes by real -time gPCR

The RNA from tissue and cells was extracted as already described in (Grenier et al.,
2012). The concentration and quality of the samples were analyzed, and reverse
transcription and real-time qPCR were performed as previously described in (Maruo et
al., 2018) using specific primers sequences purchased from Sigma (Tables 2 and 3).

Most of the primers were specifically designed for this experiment.

2.4.1 Total RNA Extraction and Reverse Transcription

PCLS were lysed using 1 mL of Extract-All with ceramic beads (MP Biomedicals,
llikirch, France). Total RNA from PCLS and HepG2 assays were purified, and their
concentration and integrity were determined as previously described (Maruo et al.,
2018). For each sample, 2 ug of total RNA was reverse transcribed into cDNA and
diluted 1:20 with nuclease-free/injection water (Ambion, Austin, TX) and stored at -

20°C until use.

2.4.2 Quantitative Real-time PCR (qPCR) Analysis

To quantify mRNA expression levels, RT-gPCR was performed using a Viia™ 7
thermocycler (Applied Biosystems, California). The specificity of the qPCR products

was assessed at the end of the reactions by analyzing the dissociation curves. TOP2B



and ACTB for PCLS samples, and GAPDH and PPIA for HepG2 cells were selected
for their stable expression upon treatments, assessed with NormFinder software
(Andersen et al., 2004), and used as reference genes. Non-reverse transcribed RNA
was used as non-template control (NTC) for verification of the genomic DNA
amplification signal. Data from gPCR were analyzed with the LinRegPCR 2016
program enabling the determination of the starting concentrations (NO) based on the
observed PCR efficiency values. mRNA expression levels in samples exposed to DON

were expressed relative to the mean of the control (Maruo et al., 2018).

Table 2: Table of human primer sequences used for RT-qPCR analysis (F: Forward;

R: Reverse).
Gene Gene name Primer sequence mRNA References
symbol
AP-1 Transcription F: ACGCGCAGGACTTCTGCAC Present
F . AH003773.2
oS Factor Subunit R: GAATGAAGTTGGCACTGGAGAC 003773 study
Activating F: GGCGACGAGAAAGAAATAAG Present
ATF T iption Fact NM_001674.4
3 3""”“”"“0” aclor  R. CAGCTTCTCCGACTCTTT 0016 study
HNE4 Hepatocyte Nuclear F: CAGATGATCGAGCAGATCCA X76930 1 Present
Factor 4 Alpha R: CGTTGGTTCCCATATGTTCC ’ study
F: GAGGCCGACTTCTTGTAT Present
CASP3 Caspase 3 R C GCGACTGGATGAAC NM_004346.4 study
F: CACACCCAGTGACATCTTT Present
CASP9  Caspase 9 R: AGGGTCTCAACGTACCA AB020979.1 study
F: CTTCGACCCAAGCAACAT Present
AT | NM_001752.4
c Catalase R: GGGACAGTTCACAGGTATATG | 00175 study
Superoxide F: GGTTGGCTTGGTTTCAATAAG Present
SOD2  picmutase 2 R: GTGCTCCCACACATCAAT NM_0006364  g4qy
F: CAGGCAGAGGGTGATAGA Present
HMOX1 Heme O 1 NM_002133
eme LXygenase 1 R. CTCCTGCAACTCCTCAAAG - study
. F: GATTTCTGCAGCTCTGTG Present
IL8 Interleukin 8 NM_000584
nierieukin R: GTGGAAAGGTTTGGAGTATG - study
Tumor Necrosis F: CCTGTAGCCCATGTTGTA Present
TNFa Factor Alpha R: CCAGCTGGTTATCTCTCA NM_000594 study
Nuclear Factor F: GAGCAACCTAAACAGAGAGG Present
NF- NM 4
B KappaB R: TTGACCTGAGGGTAAGACT | 003998 study
oLz &C; nl\:l:;:; o Ligand F: GGCTGCTTTGATGTCAGT NM_001130046. Present
20 R: GAAGAATACGGTCTGTGTATCC 2 study
BPIA Peptidylprolyl F: GTCAACCCCACCGTGTTCTTC ENST00000355 Present
Isomerase A R: TTTCTGCTGTCTTTGGGACCTTG 968 study
Glyceraldehyde-3- F: TCAAGGCTGAGAACGGGAAG Luo et al
GAPDH  Phosphat NM_002046 N
osphate R: CCACTTGATTTTGGAGGGATCTC - 2021

Dehydrogenase




Table 3: Table of pig primer sequences used for RT-qPCR analysis (F: Forward; R:
Reverse).

Gene Gene name Primer sequence mRNA References
symbol
FOS AP-1 Transcripton ~ F: CACTGTGAACAGATCAGC ENSSSCT00000 Present
Factor Subunit R: GAAGTCGGTCAGTTCTTTC 014174.4 study
ATF3 #f;::éir?gtion Factor P TOAGSTTCECCATECA ENSSSCT00000  Present
3 R: TACCTCGGCTTTCGTGA 033171.2 study
HNE4 Hepatocyte Nuclear F: TACTGCAGGCTCAAGAAGTG NM_001044571. Present
Factor 4 Alpha R: CTGCTATCCTCGTAGCTTGAC 1 study
, F: GCCAATGACACAGAAGAAGA Pierron et
IL1 Interleukin 1 Alph NM_214029
@ erenn TP R ATGCACTGGTGGTTGATG - al., 2022
F: GCTCTCTGTGAGGCTGCAGTTC Grenier et
IL8 Interleukin 8 R: NM_213867 al. 2011
AAGGTGTGGAATGCGTATTTATGC K
Tumor necrosis F: ACTGCACTTCGAGGTTATCGG Cano et al.
TNF NM_214022
9 factor alpha R: GGCGACGGGCTTATCTGA - 2013
NP Nuclear Factor F: CCTCCACAAGGCAGCAARTAG  ENSSSCTO0000 [ oot
Kappa B R: TCCACACCGCTGTCACAGA 033438 al. 2017a
C-C Motif F: GCTCCTGGCTGCTTTGATGTC Meurens et
CCL20  Chemokine Ligand NM_001024589
o ToNe HOANT R CATTGGCGAGCTGCTGTGTG - al., 2009
ACTB  ActinB F: GCACCACACCTTCTACA ENSSSCT00000 Present
R: ATCTGGGTCATCTTCTCAC 008324.1 study
TOP2B ?g‘pﬁ)isomerase ,  TAAGCGCGAGAGGTCAATGAT  ENSSSCTO0015  Park etal,
Beta R: ACATCTTCTCGTTCTTGCGC 080370.1 2015

2.5 Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.0.2 software
(GraphPad Software Inc., La Jolla, USA). Data are expressed as mean + SEM
(standard error of the mean). Significant differences were assessed by one-way
ANOVA followed by Tukey’s test for cytotoxicity and by the unpaired Student’s t-test
for parametric data and Mann Whitney test for non-parametric data for all the other

analyses. p-value<0.05 was considered statistically significant.



3. RESULTS

3.1 Effects of DON on HepG2 cells

DON cytotoxicity was first evaluated on human liver cells (Figure 1). After 4 h exposure
to DON, the viability of HepG2 cells decreased significantly at concentrations of 6.25

MM (12% reduction) to 100 uM (17% reduction). After 24 h, viability decreased after

DON exposure from 0.8 (9% reduction) to 100 pM (40% reduction). DON showed
higher cytotoxic effects after 48 h exposure from 1.6 to 100 pM (15% and 50%

inhibition, respectively).
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Figure 1. Toxicity of DON in HepG2 cells evaluated by measurement of the reducing
potential of cells (RealTime-Glo™ MT Cell Viability Assay) after 4 h, 24 h, and 48 h.
Cell viability is expressed as % of control cells. Data are presented as mean + SEM of

six replicates, *p < 0.05.

To complete the analysis of the hepatic toxicity of DON, the abundance of genes

involved in apoptosis, inflammation and oxidative stress were evaluated by RT-qPCR.



The liver is exposed to a multitude of xenobiotics, including mycotoxins. Being the
primary target tissue and main metabolizer of many xenobiotics, it is very sensitive to
tissue injury leading to cell apoptosis. We thus evaluated the expression of genes
involved in apoptosis. We observed that the expression of caspase-3 (CASP3) and
caspase-9 (CASP9) increased in HepG2 exposed to DON (2.7- and 1.4-fold,

respectively) (Figure 2).

Besides its metabolic role, the liver is also a key tissue involved in the immune system
(Kubes and Jenne, 2018). For this reason, we also assessed the expression of
cytokine genes. Upon exposure to DON, increased expression of interleukin 8 (IL8)
(16.6-fold), tumor necrosis factor a (TNFa) (17.6-fold) and the C-C motif chemokine
ligand 20 (CCL20) (8.8-fold) was observed, but no changes in interleukin 1a (IL1a)
(Figure 2). The expression of the transcription factor nuclear factor-kappa B (NF-kB)
(4.7-fold), which controls the transcription of many inflammatory cytokines, was also
found to be up-regulated upon exposure to DON (Figure 2). Similarly, the Fos proto-
oncogene (FOS) (66.8-fold), the expression of activating transcription factor 3 (ATF3)
(28.7-fold) and of hepatocyte nuclear factor 4 a (HNF4) (1.3-fold) were increased upon

exposure to DON (Figure 2).

DON, like other mycotoxins, can induce oxidative stress in the liver. Thus, the last set
of tested genes concerned enzymes involved in oxidative stress. In HepG2 cells, a
significant increase (2.2-fold) only in the catalase (CAT) and superoxide dismutase 2
(SOD2) (2.5-fold) genes, and a (0.7-fold) decrease in heme oxygenase 1 (HMOX1)

were observed (Figure 2).
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Figure 2. Apoptosis, inflammatory, transcription factors and oxidative stress mRNA
levels measured by RT-PCR in HepG2 cells exposed or not to 10 yM DON for 4 h.
Data are presented as mean £ SEM of six replicates, **p < 0.01, **p < 0.01, ***p <

0.001 and ****p < 0.0001.

3.2 Effects of DON on PCLS

To not limit our observations to a hepatic cell line, experiments were also performed
on porcine PCLS. This later model has the advantage to include all liver cell types
within the context of a preserved hepatic architecture, including the conservation of

intercellular and cell-matrix interactions (de Graaf et al., 2010).



The hepatic effects of DON were first assessed histologically. A significant increase in
the lesion score was observed in DON-treated PCLS (p < 0.001). The main histological
changes in PCLS were disorganization of hepatic cords, apoptosis and cytoplasmic
vacuolation of hepatocytes (Figure 3). Despite tissue damages, we observed no
significant increase in biomarkers of liver injury (alanine transaminase - ALT, aspartate
aminotransferase — AST and lactate dehydrogenase - LDH), cholestasis (alkaline
phosphatase - ALP), or hepatic function (total proteins) in the PCLS supernatant upon

DON treatment (Supplementary data - Table S1).
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Figure 3. Effects of 4 h DON exposure on PCLS. A- Lesion score (A.U. — arbitrary
units). Data are presented as mean + SEM of five different animals, ***p < 0.001. B-
control group. Mild disorganization of hepatocytes trabeculae and cytoplasmic
vacuolation (arrows). HE. Scale bar 20 ym. C — DON group. Moderate cytoplasmic
vacuolation of hepatocytes (arrows) and apoptosis (arrowhead). HE. Scale bar 20
pm. D- DON group. Cytoplasmic vacuolation (arrowheads) and nuclear vacuolation

(arrows) of hepatocytes. HE. Scale bar 10 pm.

Because apoptosis was an important histological finding in DON-exposed PCLS, we
sought to confirm activation of a cysteine protease, caspase-3 (CASP3), a key effector
in cell apoptosis. A significant increase in CASP3 immunostaining was observed in the
treated group (p < 0.01) compared to the control (Figure 4). The brownish

immunostaining was randomly distributed in hepatocytes and Kupffer cells.
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Figure 4. Analysis of apoptosis in PCLS. A- Mean number of immunoreactive cells
for CASP3 in PCLS/field. Data are presented as mean + SEM of five different
animals), **p < 0.01. B-C- Immunoperoxidase staining. B- control group. Mild
positive CASP3 staining (arrowhead). Scale bar 20 ym. C- DON group. Moderate

CASP3 positive staining in hepatocytes and Kupffer cells (arrows). Scale bar 20 ym.



Next, we investigated the effect of DON on gene expression. As already observed in
HepG2 cells, exposure of PCLS to 10 uM DON stimulates the expression of IL8 (8-
fold), TNFa (17.2-fold), and CCL20 (7.4-fold) (Figure 5). In these samples, DON also
induced the expression of IL1a (8.9-fold). Like in HepG2 cells, DON was found to
upregulate the transcription factors NF-kB, FOS, and ATF3 (2.9-, 5-, and 3-fold,

respectively) in PCLS (Figure 5).
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Figure 5. Inflammatory and transcription factors mRNA levels measured by RT-PCR
in PCLS exposed or not to DON for 4 h. Data are mean + SEM from 9 different animals.

*p = 0.05, **p < 0.01, and ***p < 0.001.



By contrast, in PCLS, no significant differences were observed in the expression of

any of the oxidative stress genes analyzed (data not shown).

4. DISCUSSION

Many studies have reported an effect of DON on the intestine and the lymphoid organs
(Luo et al., 2019; Novak et al., 2021; Pinton and Oswald, 2014), but investigations on
the impact of DON on the liver are scarcer. The present study evaluated the effects of
DON on liver tissue, particularly PCLS. The human hepatocyte cell line, HepG2, was

used for comparison.

Due to the difficulties in accessing human liver samples, the study was performed on
porcine PCLS. The pig is considered a good model for extrapolation to humans (Helke
and Swindle, 2013). PCLS retain the original three-dimensional structure of the liver,
preserve hepatocytes and Kupffer cells as well as cellular crosstalk and cell-matrix
interactions (De Graaf et al., 2010). PCLS thus appear to be highly suitable for studies
of the toxic effects of food contaminants. This model has two main advantages, (i)
cultured explants is in line with 3R principles, as one animal allows the assessment of
multiple doses and (ii) it gives access to a fully differentiated three-dimensional model
for histopathology assessment. A few studies using rat PCLS have addressed the
effects of mycotoxins, one assessed the effect of fumonisin B1 on sphingoid base
(Norred et al., 1996), another one the impact of aflatoxins on RNA synthesis (Friedman
et al., 1997), and a third one described the metabolization of Alternaria toxins into

potentially toxic compounds (Burkhardt et al., 2011).

A cytotoxic effect of DON was observed in HepG2 cells at low concentrations (0.8-1.6
MM), regardless of the duration of exposure (4, 24, and 48 h). The decrease observed

at these low concentrations after 24 h is in agreement with the results of previous



studies (Darwish et al., 2020; Mayer et al., 2017) indicating that short exposure to

realistic doses of DON alters hepatic cells.

Damages to the tissue were observed in PCLS exposed to DON, despite the short time
of exposure (4 h), but no changes in markers of liver function or injury. Thus, histology
can be considered a sensitive endpoint for liver damage. In PCLS, disorganization of
hepatic cords, apoptosis and cytoplasmic vacuolation of hepatocytes were observed
after 4 h of exposure to 10 yM DON. These histological changes are similar to those
obtained in subchronic in vivo ftrials. Indeed, disorganization of hepatic cords,
apoptosis, cytoplasmic and nuclear vacuolation of hepatocytes, megalocytosis and
focal necrosis were observed in piglets or gilts fed diets contaminated with 0.012 to 3
mg/kg DON for one to six weeks (Bracarense et al., 2020; Gerez et al., 2015; Grenier

et al., 2011; Pierron et al., 2018; Skiepko et al., 2020).

The cytoplasmic vacuolation observed in PCLS may be related to the DON-induced
impairment of mitochondrial function (Springler et al., 2017). Indeed, mitochondrial
dysfunction leads to failure of the Na*/K*-ATPase pump causing an influx of Na*, Ca*?,
and water into the cytosol, inducing, cytoplasmic vacuolation (Miller and Zachary,
2017). Moreover, an increased number of apoptotic hepatocytes and cells in hepatic
sinusoids was observed in gilts exposed to a fusariotoxins-contaminated diet

(Dolensek et al., 2021).

Apoptosis observed in PCLS was confirmed by immunostaining of CASP3. Liver
apoptosis has already been reported in piglets injected intravenously with DON
(Mikami et al., 2010) as well as in mice and pigs fed a DON-contaminated diet
(Bracarense et al., 2017; Gerez et al., 2015; Sun et al., 2014). Apoptosis can occur via

different pathways (Elmore, 2007). The extrinsic pathway induced by transmembrane



death-receptor interactions activates CASP8 and subsequently CASP3. The intrinsic
or mitochondrial pathway involves intracellular signals such as p53, resulting in the
activation of CASP9 and subsequently of CASP3 (van Cruchten and van den Broeck,
2002). In the present study, we observed upregulation of both CASP3 and CAPS9.
CASP9 activation suggests that in the liver the intrinsic pathway is involved in DON-
induced apoptosis, as already demonstrated in the intestine (Payros et al., 2021b). In
the same way, as observed for the histological evaluation of PCLS exposed to DON,
it should be noted that the evaluation of apoptosis has revealed similar effects to those

observed in vivo in different species.

DON is known to activate the inflammatory response. Indeed, DON-induced ribotoxic
stress leads to the activation of the MAPK1/2 pathway, which in turn activates several
immediate-early genes and induces the production of cytokines, the expression of
cyclooxygenase-2 (COX2), and apoptosis (Pestka, 2010a; Pierron et al., 2016) in
different target organs (Payros et al., 2016; Pestka, 2010a). In the present study, we
observed overexpression of various cytokines in both HepG2 cells and PCLS. Such
pro-inflammatory expression patterns have already been observed in the liver of pigs
and rats fed a DON-contaminated diet (Abdel-Wahhab et al., 2015; Chen et al., 2008).
In our study, IL1a gene expression was only upregulated in PCLS. This difference
might be due to the presence of Kupffer cells in hepatic tissue that are known to
produce high levels of this cytokine (Bilzer et al., 2006) in the liver (Bai et al., 2021).
The IL1a was also shown to be expressed in the intestine after in vivo exposure to
DON (Pestka, 2010b). Taken together, these results show that pro-inflammatory
cytokines are sensitive markers when the liver is exposed to DON and that such

inflammation can be observed in vitro (hepatocytes), ex vivo (PCLS), and in vivo.



Concerning transcription factors, DON-activation of MAPK pathway activates
immediate-early genes, such as FOS and ATF3, in turn promoting the expression of
COX2, cytokines and apoptosis (Nielsen et al., 2009; Smith et al., 2017b; Sun et al.,
2015; Yuan et al., 2018). In the present study, we demonstrated an increase in the
expression of FOS, ATF3 in PCLS and of HNF4 only, in HepG2 cells. ATF3 reveals
endoplasmic reticulum (ER) stress. In absence of relieve of ER, cells can go into
apoptosis (Holtz et al., 2006; Li et al., 2006). FOS is highly induced in HepG2 cells,
probably due to its stabilization by sustained extracellular signal-regulated kinase
(ERK) signaling (Murphy et al., 2002). In HepG2 cells, but not in PCLS, we observed
increased expression of HNF4, a transcription factor that controls the expression of
several hepatic-specific genes involved in hepatic metabolism (Madec et al., 2011;
Petrescu et al., 2002). The cancerous origin of HepG2 cells, which implies different
demands as regard on metabolic processes (Coller, 2014), could explain the high

induction of these transcription factors.

5. CONCLUSION

We observed that short exposure to DON reduces HepG2 cells viability and induces
toxic effects on hepatic cells and liver tissue. In particular, we demonstrated that in
accordance with the effects observed in pigs fed a DON-contaminated-diet, this toxin
induces the expression of genes involved in liver apoptosis and inflammation and
histological damages.

To the best of our knowledge, this is the first to use PCLS for the identification of DON
toxic effects on liver structure and functions. .

Pig PCLS is a promising model to study the effects of DON, and potentially other
mycotoxins on the liver. It enables the demonstration of histomorphological and

molecular effects at realistic dietary levels, in very good accordance with data obtained



in in vivo trials. As pig is a good model for extrapolation to humans and is very sensitive
to mycotoxins, particularly to DON, our results are relevant for progressing towards a

better assessment of human consumers risk related to mycotoxins.

Supplementary data: Table S1. Effects of DON exposure (10 uM) on hepatic
biomarkers in PCLS supernatant
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Highlights (for review)

HIGHLIGHTS

e Liveris a target organ for deoxynivalenol (DON)

e DON induces inflammation and apoptosis in HepG2 cells and pig precision-cut liver
slices (PCLS)

e Histomorphological and molecular effects in PCLS are similar to in vivo observations

e Precision liver slices are a relevant model for assessing the toxicity of mycotoxins

e Extrapolation of pig PCLS data to humans may be useful for consumers risk
assessment
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Supplementary data

Table S1. Effects of DON exposure (10uM) on hepatic biomarkers in PCLS

supernatant (mean + SEM).

Hepatic biomarkers Control DON

Alkaline phosphatase (U/L) 4.393+1.599 3.687+1.892
Alanine transaminase (U/L) 6.333+4.885 6.500+2.811
Aspartate aminotransferase (U/L) 260.8+153.6 278.2+99.23
Lactate dehydrogenase (U/L) 83.02+40.27 100.3+47.71

Total proteins (g/L) 5.707+0.573 6.3111£0.452




