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ARTICLE INFO ABSTRACT

Editor: Lidia Minguez Alarcon Background: The mycotoxin deoxynivalenol (DON) is a frequent contaminant of grain and cereal products
worldwide. Exposure to DON can cause gastrointestinal inflammation, disturb gut barrier function, and induce

Keywords: gut dysbiosis in vivo under basal conditions, but little is known about the effects of DON ingestion in individuals

Deoxy“"faIEHOI with pre-existing gastrointestinal disease.

I]:I};co'ttc?xm Objectives: Mice were orally exposed to 10 and 100 pg/kg bw/day of DON, corresponding to 10 to 100-fold

nterit . . . . . . . .
Coerecial cancer human tolerable daily intake concentrations, and to the translation in mice of current human daily intake.
Tumorigenesis The effects of DON exposure were explored under steady-state conditions, and in murine models of enteritis and

Microbiota colorectal cancer (CRC).

Results: After 8 days of DON exposure, an increase of histomorphological and molecular parameters of epithelial
proliferation were observed in normal mice, from the duodenum to the colon. The same exposure in a murine
model of indomethacin-induced enteritis led to exacerbation of lesion development and induction of ileal cy-
tokines. DON exposure also worsened the development of colitis-associated CRC in mice as shown by increases in
endoscopic and histological colitis scores, tumor grades, and histological hyperplasia. In colon of DON-exposed
mice, upstream and downstream ERK signaling genes were upregulated including Mapkl, Mapk3, Map 2k1,
Map2k2 core ERK pathway effectors, and Bcl2 and Bcl211 antiapoptotic genes. The effects observed in the CRC
model were associated with alterations in cecal microbiota taxonomic composition and metabolism of bacterial
fucose and rhamnose. Strong Spearman’s correlations were revealed between the relative abundance of the
changed bacterial genera and CRC-related variables.

Discussion: Ingestion of DON mycotoxin at concentrations representative of human real-world exposure worsened
the development of indomethacin-induced enteritis and colitis-associated CRC in mice. Our results suggest that
even at low doses, which are currently tolerated in the human diet, DON could promote the development of
intestinal inflammatory diseases and CRC.

1. Introduction Liao et al., 2018; Yang et al., 2019). Deoxynivalenol (DON) is one of the
most ubiquitous mycotoxins worldwide (Chen et al., 2019). DON is a

Mycotoxins are naturally occurring secondary metabolites produced type-B trichothecene mycotoxin, mainly produced by Fusarium grami-

by fungi. They cause a variety of adverse health effects for both humans nearum, Fusarium culmorum, and Fusarium crookwellense (Woelflingseder
and livestock, ranging from acute poisoning to long-term effects such as et al., 2019). Fusarium species infect cereal grains such as wheat, maize,
immune or reproductive deficiencies and cancer (De Ruyck et al., 2015; barley, and oats. Since DON is only partially destroyed by high
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temperature during processing, it is detected in feeds (Kamle et al.,
2022; Zhao et al., 2021) but also in human processed food and beverage
products such as breakfast cereals, bread, pizza, beer, and wine (Wang
et al., 2019).

The gastrointestinal toxicity of DON is attributed to different
mechanisms. The toxicity of DON is partly related to its ability to disrupt
eukaryotic protein synthesis via binding to the peptidyl transferase site
of the ribosome, a process known as the ribotoxic stress response (RSR)
(Hooft and Bureau, 2021). DON binding to ribosomes inhibit protein
translation and activates mitogen-activated protein kinases (MAPKs)
(Pinton et al., 2010; Wang et al., 2018; Zhang et al., 2020). The MAPK
family comprises several subfamilies of signaling proteins including
MAPK3,1 (ERK1,2), MAPK 8,9,10 (JNK 1,2,3), MAPK14,11,12,13
(p38a/B/y/8) (Lavoie et al., 2020), and they are crucial to the pro-
inflammatory gene expression and apoptosis induced by DON (Lee
et al., 2019; Wang et al., 2023; Zhang et al., 2020). Activation of ERK
plays a pivotal role in inducing cell motility, proliferation, differentia-
tion, and survival, whereas p38 is closely related to cell cycle progres-
sion and cell differentiation (Lavoie et al., 2020; Phan et al., 2023). The
excessive oxidative stress (You et al., 2021), mitochondrial dysfunction
(Wang et al., 2021), and ferroptosis induction (Liu et al., 2023) are
pivotal factors of DON gastrointestinal toxicity. The adverse effects
induced in mammals by dietary DON contamination on the intestinal
tract has been the focus of increasing awareness and investigation.
Notably, in mice, low DON concentration (25 pg/kg bw/day for 30 days)
was shown to trigger systemic and duodenal upregulation of II-1p
secretion (Tardivel et al., 2015), and a lower dose (10 pg/kg bw/day for
9 months) induced histomorphological and immune impairments of the
intestinal tract and provoked dysbiosis (Vignal et al., 2018). More
recently, dietary DON exposure (8 mg/kg food for 4 weeks) was shown
to exacerbate the development of dextran sodium sulfate (DSS)-induced
colitis in rats which was associated with an increased pro-inflammatory
response in spleen and colon (Payros et al., 2020).

Exposure to DON can disturb gut barrier function and induce gut
dysbiosis and inflammation in healthy individuals, but less is known
about the effects of DON on those with pre-existing gastrointestinal
disease. To better understand the etiology of DON-related health effects,
we profiled molecular and physiological endpoints in murine models of
induced enteritis and colorectal cancer.

2. Material and methods
2.1. Mice and experimental design

Male C57BL/6 mice (aged 7 weeks) were purchased from Janvier
Labs (Le Genest-Saint-Isle, France) and housed under standard condi-
tions. Mice were randomly assigned to experimental groups. Mice
received 0, 10, or 100 pg/kg bw/day of DON (Cayman Chemical, Ann
Arbor, MI, USA) diluted in their drinking water for 8-day treatments or
in food for 90-day treatments (referred to as the control, 10 pg DON, and
100 pg DON groups, respectively).

2.2. Induction and macroscopic evaluation of small intestinal
inflammation induced by indomethacin

To induce small intestinal injury, 20 mg/kg bw indomethacin
(Sigma-Aldrich, St. Louis, MO, USA) dissolved in 0.5 % carboxymethyl
cellulose was orally administered to mice (Body-Malapel et al., 2019;
Xiao et al., 2017). 24 h after indomethacin injection, mice were intra-
venously administered with 1 % Evans Blue dye (Sigma-Aldrich) in 0.9
% NaCl to visualize macroscopic lesions, and animals were sacrificed 30
min later. At necropsy, ileum, jejunum, and duodenum were separately
harvested, longitudinally incised, photographed, and then immediately
frozen for future analysis. The number and area of lesions were quan-
tified using Image J software (NIH, USA).
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2.3. Induction and macroscopic evaluation of azoxymethane (AOM)-DSS
induced colorectal cancer

Mice were injected i.p. with 10 mg/kg AOM. After 5 days, 1.5 to 3 %
DSS (TdB Labs, Ultuna, Sweden) was added to drinking water for a
period of 5 days, followed by regular drinking water for 2 weeks. This
cycle was repeated 3 times and mice were sacrificed 40 days after the
last DSS cycle. At necropsy, colon tissue was harvested, longitudinally
incised, and photographed. Macroscopically visible tumors were coun-
ted and measured using Image J software.

2.4. Histological analyses of intestinal and colon tissues

Colon, ileum, jejunum, and duodenum samples were fixed in 10 %
buffered formalin for 24 h, processed, and embedded in paraffin wax by
an automatic sample preparation system (LOGOS One, Milestone Med-
ical, Sorisole, Italy). Serial histological sections of 4 pm thickness were
cut, deparaffinized, rehydrated, and stained with May Griinwald-Giemsa
(MGG) for morphometric analysis under a light microscope (DM5500B;
Leica Microsystems, Nanterre, France).

For steady-state experiments, measurements of duodenal, jejunal,
and ileal villus height, crypt depth, and colonic mucosal surface area
were performed using ImageJ software. At least 50 well-oriented mu-
cosa, villi, and crypts were measured in at least 5 individual mice from
each group of the study.

For AOM-DSS-induced colorectal cancer, colitis scores of each
segment were assigned based on the extent and severity of inflamma-
tion, ulceration, and hyperplasia of the mucosa as previously described
(Zaki et al., 2010). Hyperplasia scores were assigned as follows: 0 =
normal (within normal limits); 1 = mild (crypts two to three times
normal thickness, normal epithelium); 2 = moderate (crypts two to
three times normal thickness, hyperchromatic epithelium, reduced
goblet cells, scattered arborization); 3 = severe (crypts more than four
times normal thickness, marked hyperchromasia, few to no goblet cells,
high mitotic index, frequent arborization).

2.5. Assessment of colitis and tumorigenesis using colonoscopy

Colitis progression and tumor development were assessed using a
high-resolution colonoscope (1.9 mm outer diameter; Karl Storz, Tut-
tlingen, Germany) at days 40, 51, 70, and 90. Mice were anesthetized
using isoflurane for the duration of the procedure and closely monitored.
Colitis severity was measured from recorded videos in a blinded fashion
using 5 parameters described by Becker et al. (2005), including thick-
ening of the colon, vasculature pattern, presence of fibrin, granularity of
mucosal surface, and stool consistency. Each parameter was scored in a
blinded fashion from O to 3 (with increasing severity) and totaled. Tu-
mors observed from colonoscopy videos were counted, measured, and
categorized into size: low-grade (grade 1 = very small but detectable
tumor); medium-grade (grade 2 = tumor covering up to one-eighth of
the colonic circumference; and grade 3 = tumor covering up to a quarter
of the colonic circumference); and high-grade (grade 4 = tumor covering
up to half of the colonic circumference; and grade 5 = tumor covering
more than half of the colonic circumference).

2.6. Proliferating cell nuclear antigen (PCNA) immunohistochemistry

For antigen unmasking of formalin-fixed samples, sections were
placed in 10 mM sodium citrate buffer (pH 6.0) and incubated in a heat-
induced antigen retrieval chamber for 20 min at 121 °C. After washing,
sections were blocked for 30 min with 5 % bovine serum albumin in PBS,
stained overnight at 4 °C with anti-PCNA antibody (1:50 dilution of
NB600-1331; Novus Biologicals, Centennial, CO, USA), and incubated
with Alexa Fluor 488 or 594 conjugated secondary antibody (1:200
dilution; Invitrogen, Waltham, MA, USA) for 1 h. Sections were coun-
terstained with DAPI (Molecular Probes, Eugene OR, USA). To ensure
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specificity of immunostaining, control sections underwent simultaneous
staining without primary antibody. Quantification of positive PCNA-
stained cells was performed randomly using Image J software. Images
were acquired with a DM5500B microscope equipped with a DFC 310 FX
camera (Leica Microsystems) and mucosal layers were photographed at
a magnification of 40x.

2.7. Gene expression in tissues

Total mRNA from intestinal and colon samples was extracted using a
Nucleospin RNA kit (Macherey-Nagel, Dueren, Germany). Reverse
transcription was performed using a High Capacity cDNA Archive Kit
and quantitative polymerase chain reaction with SYBR Green (Life
Technologies, Carlsbad, CA, USA). The primer sequences were designed
using Primer Express 3 (Life Technologies) and are available upon
request. Melting curve analyses were performed for each sample and
gene to confirm the specificity of amplification. Because exposure to
DON did not cause any significant alterations in Polr2a mRNA expres-
sion, the relative expression of each gene of interest was normalized
relative to the expression of this gene. The quantification of the target
gene expression was based on the comparative cycle threshold (Ct)
value. The fold changes in the target genes were analyzed by the 2724Ct
method (Livak and Schmittgen, 2001).

2.8. Bacterial DNA extraction and sequencing

Genomic DNA was extracted from the cecal luminal content using a
DNA stool kit (Macherey-Nagel). The quantity and purity of DNA
(expressed as the ratio of absorbance at 260 nm and 280 nm (A260/
A280)) were assessed using a Nanodrop® spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). The sequencing library was
generated by amplifying the V3-V4 region of the bacterial 16S-rRNA
gene using 16S rRNA amplicon generation for MiSeq with the primers
Bact-0341 (CCTACGGGNGGCWGCAG) and Bact-0785 (GAC-
TACHVGGGTATCTAATCC). Individual samples were barcoded, pooled
to construct the sequencing library, and sequenced using a MiSeq in-
strument (Illumina, San Diego, CA, USA) to generate paired-end 2 x 300
bp reads.

2.9. Analysis of sequencing data

Bioinformatic analyses were performed using the QIIME2 pipeline
(version 2020.2) (Bolyen et al., 2019). The Divisive Amplicon Denoising
Algorithm (DADA-2) plug-in in QIIME2 was used to filter, dereplicate,
identify chimeric sequences, and merge paired-end reads to obtain a set
of amplicon sequence variants (ASVs) for each sample (Callahan et al.,
2016). Then representative sequences were selected for each ASV. The
classify-sklearn plug-in in QIIME2, with the Silva database (version
132), was applied to assign a taxonomic annotation to each represen-
tative ASV sequence. In the next step, ASVs identified as eukaryotic
contamination (none), and external contamination identified with the
decontam package (57 ASVs; 3745 reads), were filtered out (Davis et al.,
2018). Diversity metrics (« and p diversity) were obtained with the
QIIME2 core-metrics-phylogenetic plug-in, with p-sampling depth
parameter fixed to 14,616 reads which corresponded to the total fre-
quency that each sample should be rarefied to prior to computing di-
versity metrics. This sampling depth allowed retention of >70 % of reads
and only two samples were discarded. Tests for differential relative
abundance were performed with ANCOM and corncob at the order,
family, and genus levels (Mandal et al., 2015; Martin et al., 2020).

To retrieve functional profiles for the ASV data, sequences and
abundance tables were used as inputs for Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States 2 (PICRUSt2)
software analysis (Douglas et al., 2020). The differentially abundant
Metacyc pathways were identified using ALDEx2 (Fernandes et al.,
2014). ALDEx2 outputs the effect size which indicates the direction and
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volume of change of the centered log ratios. In our study, a positive sign
indicated that the feature was more abundant in the 100 ug DON group
whereas a negative sign indicated greater abundance in the control
group.

2.10. Measurement of luminal fucose and rhamnose content

Stool samples were solubilized in PBS with 0.05 % Tween® 20 and
centrifuged for 10 min at 10,000g. Soluble fractions were freeze-dried
and then methanolysis (MeOH with 0.5 N HCl) was performed at
80 °C for 18 h. A dot of silver carbonate (Sigma-Aldrich) was added with
acetic anhydride (Sigma-Aldrich) overnight. The methanolic phase was
washed with heptane. Finally, derivatization was performed using a
99:1 mixture of BSTFA-TMCS and pyridine (Sigma-Aldrich). The
resulting monosaccharides were analyzed by gas chromatography/mass
spectrometry (GC/MS) (Agilent Technologies, Santa Clara, CA, USA)
using a SOLGEL-1MS column (30 m x 0.25 mm i.d.; SGE Analytical
Science, Trajan Scientific and Medical, Morrisville, NC, USA). The
temperature of the column increased from 120 °C to 240 °C at a rate of
2 °C per min and a terminal level during 10 min. Myo-inositol (Sigma-
Aldrich) was used as an internal standard.

2.11. Measurement of luminal fucosidase activity

Fucosidase activity was assessed in stool samples according to a
previously described protocol (Steimle et al., 2021).

2.12. Statistical analyses

Data are presented as the mean + standard error of the mean.
Comparisons between different treatment groups were performed using
the nonparametric Mann-Whitney U test. Spearman’s correlation and
other statistical analyses were performed using Prism 8 software
(GraphPad, San Diego, CA, USA). Sequencing data was analyzed using
the Wilcoxon Rank Sum test, with Benjamini-Hochberg correction for
multiple testing. Statistical significance was defined as p < 0.05.

3. Results

3.1. Short-term exposure to low DON concentration induces epithelial
proliferation in colon and small intestine

To assess the effects of short exposure to DON on intestinal homeo-
stasis, mice were exposed to DON for 8 days. Mucosal surface area was
significantly increased in the 100 pg DON group compared to control
mice (Fig. 1A and B). To confirm alterations in epithelial proliferation,
PCNA expression was assessed in colon sections (Fig. 1C). A significant
enhancement of PCNA staining in the 100 pg DON group compared with
control mice was observed (Fig. 1D). Neither mucosal surface area nor
PCNA staining were significantly different in the 10 ug DON group
relative to controls.

For analysis of the small intestine, villi and crypts were measured. In
duodenum, jejunum, and ileum, the size of villi did not vary in mice
exposed to DON compared with control mice (Fig. 1E). However, crypt
size was higher in DON-exposed mice in the three intestinal tissues
(Fig. 1F). Oral exposure at both dosages consistently decreased the villi/
crypt ratio in duodenum, jejunum, and ileum (Fig. 1G). A significant
enhancement of PCNA staining was observed in the ileum, jejunum, and
duodenum of DON-exposed mice at both dosages (Fig. 1H-I). In sum-
mary, after 8 days of DON ingestion epithelial proliferation was
enhanced in colon in the 100 pg DON group and in small intestine in
both treatment groups.
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Fig. 1. Effect of 8-day deoxynivalenol (DON) exposure on colon and small intestine histomorphology and proliferating cell nuclear antigen (PCNA) expression (0, 10,
and 100 pg DON/kg bw/day groups; n = 10 per group). (A-B) Histomorphological assessment of May Griinwald-Giemsa (MGG)-stained colon sections including (A)
representative images, and (B) quantification of mucosal area. (C) PCNA immunostaining of colon sections (red). (D) Quantification of PCNA-positive cells. (E-G)
Histomorphological assessment of May Griinwald-Giemsa-stained ileum, jejunum, and duodenum sections including (E) villus length, (F) crypt depth, and (G) villus/
crypt ratio. (H-I) PCNA immunostaining of small intestine sections (green) including (H) quantification of PCNA positive cells, and (I) representative images. Data are
from two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001 compared to the DON 0 group as determined by the Mann-Whitney

U test.

3.2. Short-term exposure to low DON concentration exacerbates
indomethacin-induced enteritis

To investigate whether DON exposure intensifies small intestine
inflammation, the effect of 8-day DON exposure on the severity of
indomethacin-induced enteropathy was examined (Fig. 2A). Enteritis
was induced by oral gavage with indomethacin and monitored 24 h
later. Ulcerative lesions were observed, particularly in the ileum and
jejunum, and these lesions were more extended in mice exposed to DON
compared to control mice (Fig. 2B-C). DON oral administration induced
gene expression of inflammatory cytokines in small intestine of mice,
with significant increases of Tnfa, 1118 and Ifny levels in ileum of mice of
both DON treatment groups (Fig. 2D-F). Therefore, DON exposure
enhanced enteritis in this experimental model of indomethacin-induced
enteritis.

3.3. Chronic DON exposure exacerbates AOM-DSS-induced colorectal
carcinogenesis

The impact of DON exposure on colitis-associated carcinogenesis was
investigated. In the first set of experiments, wild-type mice were treated
with AOM, 1 cycle of 1.5 % DSS then 2 cycles of 2.5 % DSS, and

concomitantly exposed to DON at 10 and 100 pg/kg bw/day for 90 days
(Fig. 3A). The development of colitis was monitored by colonoscopy.
Mice in the 100 pg DON group had significantly increased colitis scores
on days 40, 51, 70, and 90 compared to controls (Fig. 3B). At the
culmination of the experiment on day 90, all parameters for colitis
assessment were significantly elevated, resulting in a considerable in-
crease in the colitis score for the 100 pg DON group compared to con-
trols (Fig. 3C-E). The total colitis histological score was significantly
greater in mice exposed to both dosages of DON compared to untreated
mice.

The effect of DON exposure on colorectal cancer development was
also investigated. The total number of tumors rose over time without
significant variations between the experimental groups (Fig. 4A).
However, after 90 days of exposure, a decrease in low-grade tumors
numbers and significant increase in medium- and high-grade tumors
numbers was found for mice in the 100 pg DON group compared to
control mice, and a dose-dependent effect was observed (Fig. 4B-C).

The second chronic study involved a more severe induction of
colorectal cancer (3 % DSS, Fig. 5A-C). The number of colon tumors at
day 90 was significantly increased in DON-intoxicated mice compared to
control mice (Fig. 5B). Although the number of tumors <1 mm did not
vary between the control and treatment groups, there was an increase of
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tumors >1 mm in mice exposed to DON (Fig. 5C). At the histological
level, severity of hyperplasia was significantly higher in colon of the 100
pg DON group compared to control mice (Fig. 5D-E). In a dose-
dependent manner, DON exposure was associated with an increase of
mice with high-grade dysplasia and a decrease of mice with low-grade or
no dysplasia (Fig. 5F). These results show that ingestion of DON at 100
ng/kg bw/day worsened intensity of colitis and tumorigenesis in this
murine model of AOM-DSS-induced colorectal cancer.

Activation of ERK signaling pathway has been demonstrated as
mediating the effects of DON (Pinton et al., 2010; Wang et al., 2018;
Zhang et al., 2020). Therefore, we assessed whether the ERK signaling
genes were modulated by DON exposure in the model of AOM-DSS-
induced colorectal cancer (Suppl Fig. 1). The level of genes encoding
ERK2 and ERK1, Mapkl and Mapk3 respectively, were significantly
higher in both CRC groups exposed to DON compared to control CRC
group. DON exposure significantly upregulated upstream genes, the
dual specificity mitogen-activated protein kinase kinase 1 and 2
(Map2kl and Map2k2), encoding MEK1 and MEK2 respectively. MAP-
interacting kinase 1 and 2 (Mknkl and Mknk2) transcripts were both
enhanced in the 100 pg DON group, Mknk2 was also higher in the 10 pg
DON group. Among the ERK target genes involved in cell proliferation,
in accordance with an increased cell proliferation, ETS domain-
containing protein Elk-1 (Elk1) and ETS domain-containing transcrip-
tion factor ERF (Erf) showed respectively an upregulation and down-
regulation trend, and transcriptional regulator ERG (Erg) and ETS
translocation variant 1 (Etvl) were upregulated in DON-exposed CRC
groups. DON exposure enhanced the relative expression of Apoptosis
regulator Bcl-2 (Bcl2) and Bcl-2-like protein 1 (Bcl2l1) antiapoptotic
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factors. The RNA polymerase I-specific transcription initiation factor
(Rrn3) and the regulatory-associated protein of mTOR (Rptor) genes,
involved in ERK regulation of cell growth, were upregulated in DON-
exposed CRC groups compared to control CRC group. These results
suggest that ERK signaling pathway could participate to DON dysregu-
lation of cell proliferation and survival in the AOM-DSS colorectal
cancer model.

3.4. DON effects on the gut microbiome

16S rRNA gene-based analysis was used to profile bacterial micro-
biota in mouse cecal content (Fig. 6). For the 4 a-diversity indices tested,
biodiversity was significantly higher in colorectal cancer (CRC) mice
exposed to DON compared to control CRC mice (Fig. 6A). In addition to
a-diversity, the unweighted Unifrac distance and Bray-Curtis dissimi-
larity matrix were analyzed to compare similarities among gut microbial
communities (B-diversity; Fig. 6B). A significant clustering was found in
the principal coordinate analysis plots of these two indices showing that
DON treatment at both dosages altered bacterial community structure.

ANCOM (Fig. 6) and corncob (Suppl Figs. 2-4) algorithms were used
to investigate relative differences in taxonomic abundance between the
three study groups. ANCOM incorporates the compositionality of
microbiome data, has a low-false-positive rate, and allows covariate
adjustment. Results show the differential abundance of taxa in DON-
exposed CRC mice compared to control CRC mice. The order Anaero-
plasmatales was less abundant in the 10 pg DON group (Fig. 6C). The
order Campylobacterales was enriched in mice in both DON treatment
groups. At the family level, Anaeroplasmataceae was found to be less
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abundant in the 10 pg DON group; Peptococcaceae and Defluviitaleaceae
were more abundant in the 100 pg DON group (Fig. 6D); and Heli-
cobacteraceae was significantly enriched in mice from both DON treat-
ment groups. At the genus level, the Eubacterium ruminantium group,
Coriobacteriaceae UCG-002, and Papillibacter were found to be more
abundant in the 10 pg DON group, and Anaeroplasma was less abundant
in the 100 pg DON group (Fig. 6E). Most notably, the relative abundance
of Fournierella and Dubosiella genera were respectively higher and lower
after exposure tol0 and 100 pg/kg bw/day of DON. The two latter
genera, as well as all the orders and families detected as significantly
different with ANCOM, were also verified with corncob.

3.5. Functional gene analysis

The bioinformatic software package PICRUSt2 was used to predict
the MetaCyc pathways of microbiota and the significantly changed
MetaCyc pathways are shown in Fig. 7A. Six pathways were enriched in
the control CRC group compared with the 100 pg DON group, including
the superpathway of methanogenesis from acetate (METH-ACETATE-
PWY; effect size —1.8; p = 0.02) and two pathways related to toluene
degradation (PWY-5182 and PWY-5180; effect size —1.1; p = 0.01 for
both). Twelve Metacyc pathways were identified as enriched in DON-
exposed mice. Among them, three were related to fucose and rham-
nose degradation (FUC-RHAMCAT-PWY, RHAMCAT-PWY, and
FUCCAT-PWY; effect sizes 3, 2.6, and 2.3 respectively; p = 0.001). The
pathway with highest enrichment, the superpathway of fucose and
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rhamnose degradation enzymes (FUC-RHAMCAT-PWH), was three-fold
more abundant in the 100 pg DON group compared with the control CRC
group (p < 0.001; Suppl Fig. 5A).

Most of the functional genes of the superpathway of fucose and
rhamnose degradation enzymes were much more abundant in DON-
exposed microbiota (Fig. 7B). Genes encoding three out of the 4 en-
zymes involved in the transformation of p- L-fucose to (S)-lactaldehyde,
namely r-fucose mutarotase (FucU), i-fucose isomerase (Fucl), and t-
fuculokinase (Fuck), were underrepresented; and i-fuculose-phosphate
aldolase (FucA) did not vary. DON exposure also increased the relative
abundance of all genes associated with the transformation of o-L-
rhamnopyranose to (S)-lactaldehyde, including 1-rhamnose mutarotase
(RhaM), r-rhamnose isomerase (RhaA), rhamnulokinase (RhaB) and
rhamnulose-1-phosphate aldolase (RhaD). Suppl Fig. 5B shows the
bacterial genera which were significantly associated with the relative
abundance of FUC-RHAMCAT-PWH. Twenty-five genera were positively
associated with FUC-RHAMCAT-PWH, with Ruminococcus UCG-014
presenting the highest positive correlation level (Spearman rho 0.8872;
95 % CI 0.7184 to 0.9574; p < 0.0001). Eleven genera were negatively
associated, with Ruminiclostridium presenting the highest negative cor-
relation (Spearman rho —0.8018; 95 % CI 0.9229 to —0.5364; p <
0.0001).

3.6. Effect of DON on microbiota fucose and rhamnose metabolism
To further explore the increased fucose and rhamnose degradation
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induced in microbiota by DON exposure, we quantified fucose and
rhamnose content in mouse stool by GC/MS (Fig. 7C). The levels of
luminal fucose and rhamnose were significantly higher in DON-exposed
CRC mice than in the control CRC mice. Microbiota fucosidase activity
was measured to determine whether this was causing an increase in
these sugars. Luminal fucosidase activities were similar between DON-
exposed CRC mice and control CRC mice (Fig. 7D).

Next, genes associated with the incorporation of fucose into
eukaryotic glycoproteins, glycolipids, and bacterial polysaccharides,
specifically GDP-mannose 4,6-dehydratase Gmd and GDP-L-fucose
synthetase Fcl were assayed and found to be unmodified by DON
exposure (Fig. 7E) (Coyne et al., 2005). Two genes involved in the
common first steps of fucose and rhamnose biosynthesis, glucose-1-
phosphate thymidylyltransferase RmlA and dTDP-glucose 4,6-dehydra-
tase RmlIB, had higher expression in DON-exposed CRC mice relative
to control CRC mice. Genes involved in fucose biosynthesis, such as
dTDP-4-dehydro-6-deoxyglucose reductase Fed and dTDP-fucopyranose
mutase Fcf2, were not found in the PICRUSt2 data. But genes associated
with rhamnose biosynthesis were more abundant in DON-exposed mice.
Indeed, GDP-4-dehydro-6-deoxy-p-mannose reductase Rmd involved
with biosynthesis of GDP-D-Rhamnose, as well as dTDP-4-
dehydrorhamnose 3,5-epimerase RmlC and dTDP-4-dehydrorhamnose
reductase RmlD, involved with biosynthesis of dTDP-L-Rhamnose,
were overrepresented in microbiota of DON-exposed CRC mice. Over-
all, the increased levels of luminal fucose and rhamnose and the over-
representation of genes associated with both degradation and
biosynthesis of these sugars show that chronic DON exposure led to
worse outcomes in an AOM-DSS-induced colorectal cancer model which
was associated with altered microbiotic fucose and rhamnose
metabolism.
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3.7. Correlation between gut microbiota and colorectal cancer markers

To further analyze the relationship between gut microbiota and
colorectal cancer development, the correlations between the changed
gut microbiota and measured AOM-DSS colorectal cancer variables were
explored by Spearman’s correlation analysis and presented by a heat-
map (Fig. 8). The results from the order-level analysis showed that the
change in abundance of Anaeroplasmatales was negatively correlated
with the mRNA levels of a majority of ERK signaling genes. The abun-
dance of Campylobacterales was inversely positively correlated with ERK
signaling genes, as well as with histological colitis parameters. The re-
sults revealed strong negative correlations between the abundance of
Anaeroplasmataceae family and most of ERK signaling genes. There were
similar correlations for the Peptococcaceae family, which was also
negatively associated with several parameters of colon inflammation.
The two other families, Defluvitaleaceae and Helicobacteraceae, were
positively associated with ERK signaling gene levels. Moreover, both
families showed positive correlations with colitis parameters, and
Defluvitaleaceae abundance was positively associated with medium and
high tumor count and hyperplasia score. Four bacterial genera were
positively correlated with several ERK signaling gene levels, Eubacterium
ruminatium group, Coriobacteriaceae UCG-002 group, Papillibacter, and
Fournierella. These last two genera were also positively correlated with
several inflammation parameters. In addition, Eubacterium ruminantium
group abundance was positively correlated with three tumorigenesis
parameters. The results also revealed significant negative correlations
between the Anaeroplasma and Dubosiella genera and ERK signaling gene
expression. Most importantly, these analyses showed strong negative
correlations between Dubosiella abundance and a majority of colitis and
tumorigenesis parameters. Furthermore, Mapkl, Mapk3, Map2kl,
Map2k2, Bcl2 and Bcl211 transcript levels were significantly correlated
with 11/12 bacterial strain abundance, showing a close relationship
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between gut microbiota variation and ERK signaling in DON-induced
worsening of colorectal cancer.

4. Discussion

In this study, we explored the impact of DON exposure in murine
models at doses relevant to human exposure. For deoxynivalenol, JECFA
(joint FAO/WHO expert committee on food additives) set the tolerable
daily intake at 1 pg/kg bw/day (Knutsen et al., 2017). The translation
from humans to animals using the body surface area normalization
method gives the dose of 12 pg/kg bw/day (Reagan-Shaw et al., 2008).
Besides, in the assessment of DON exposure by EFSA CONTAM panel
(European Food Safety Authority panel on Contaminants in the Food
Chain) performed across 39 different dietary surveys and all age groups,
the 95th percentile acute exposure ranged from 0.7 to 6.7 pg/kg bw/
day. Their translation to mouse gives doses of 8.6 to 83 png/kg bw/day.
Therefore, we selected 10 and 100 pg/kg bw/day as representative doses
of realistic human exposure. These concentrations are much lower than
those commonly used in the literature (Grenier and Applegate, 2013),
and allowed us to assess the toxicity of DON closer to human exposure
conditions. At both dosages after 8 days of exposure, a significant in-
crease in intestinal epithelial cell proliferation was observed as evi-
denced by enhanced crypt length and PCNA staining in ileum, jejunum,
and duodenum of mice. A similar increase in intestinal epithelial pro-
liferation has been described in mice jejunum following longer exposure
conditions (9 months) or at a higher concentration (2 mg/kg bw/day)
(Vignal et al., 2018; Zhou et al., 2019). An increase of crypt depth has
been shown in piglet jejunum and duodenum after 10 days exposure at
0.9 mg/kg of feed (Alizadeh et al., 2015) and in pig jejunum after 6
weeks exposure at 12 pg/kg bw/day (Przybylska-Gornowicz et al.,
2015). Data from the literature have described an increase of epithelial
proliferation in protocols with exposure times at least 5 times longer or
with exposure concentrations 9 to 200 times higher. Thus, our assess-
ment of DON toxicity, which is closer to human exposure conditions,
highlights the risks associated with short-term intake of even low levels
of this toxin.

Concerning effects of DON ingestion on the small intestine, short-
term intoxication was found to exacerbate the severity of
indomethacin-induced enteritis. DON ingestion has been shown to
predispose broiler chickens to the development of an infectious model of
enteritis (induced by Clostridium perfringens) (Antonissen et al., 2014).
Moreover, dietary contamination with DON (8 mg/kg of food for 4
weeks) increased the severity of colon injury in a rat model of DSS-
induced colitis (Payros et al., 2020). More recently, a 28-day exposure
to 25 and 50 pg/kg bw/day of DON aggravated colitis in C57BL/6 mice,
which is consistent with our data (Gan et al., 2023). Cumulatively, these
data suggest that DON exposure has the potential to aggravate any pre-
existing inflammatory condition in small intestine, regardless of its
origin. Therefore, the involvement of DON in the development of in-
fectious and food-allergic enteritis, appendicitis, peptic ulcers, and in-
flammatory bowel diseases deserves more investigation.

In addition to inflammatory conditions, here we showed that DON
exposure can also enhance carcinogenesis in vivo in the AOM-DSS-
induced model of colorectal cancer. A deep analysis of cecal micro-
biota diversity, structure, and function was performed to better under-
stand how DON exposure can alter microbial pathways and possibly
affect CRC promotion. The o-diversity metric, which describes the
relative number of bacterial taxa, was greater in DON-exposed mice
compared to controls. Moreover, the p-diversity indices indicated strong
differences in microbiotic composition between the three groups of
mice. This variability was mainly attributable to a small subgroup of
bacterial taxa. The most notable effect was increased relative abundance
of the Campylobacterales order in both DON exposure groups, which
includes the Helicobacteraceae family. Although Helicobacter hepaticus
has been shown to promote AOM-initiated colon tumorigenesis (Nag-
amine et al., 2008), our analysis did not show significant variation of

10

Science of the Total Environment 900 (2023) 165722

this strain.

The results of the Spearman’s correlation analysis globally show
strong correlations between the modified bacteria and the variables
characterizing colorectal cancer, what further argues in favor of an
important role of intestinal microbiota in the protumorigenic effects of
DON. The overabundance of Eubacterium ruminantium group, Cor-
iobacteriaceae UCG-002, Papillibacter and Fournierella, as well as the
underabundance of Anaeroplasma and Dubiosiella may contribute to
DON-induced CRC exacerbation. Particularly, our findings showing
negative correlations between most of the measured variables and the
abundance of Dubosiella suggest that the defect of this strain could be an
important contributing mechanism to the worsening effect of DON in the
AOM-DSS model.

PICRUSt2 analysis showed dysregulation of several microbiotic gene
pathways in mice exposed to DON, including those associated with the
degradation of fucose. These results are consistent with a previous study
which showed a decreasing trend of the relative abundance of the fucose
fraction within intestinal mucin oligosaccharide profiles of broiler
chicken duodenum exposed to a DON-contaminated diet (Antonissen
et al., 2015). In the mammalian gastrointestinal tract, fucose is an
abundant component of glycans that decorate proteins and lipids,
especially on the lumen-facing epithelial surface and in mucosal secre-
tions (Pickard and Chervonsky, 2015). Fucosylated proteins are shed
into the lumen and fucose is liberated and metabolized by diverse gut
microbiota (Bocci and Winzler, 1969). Many symbiotic gut bacteria
species can and do use fucose, and it has been found to be protective in
several disease models, such as on commensal bacteria in cases of in-
testinal pathogen infection (Garber et al., 2021; Pickard et al., 2014).
Fucose can ameliorate intestinal inflammation, as exogenous adminis-
tration of fucose has been shown to inhibit chronic colitis development
in mice (Ke et al., 2020). Furthermore, L-rhamnose and L-fucose can
suppress cancer growth in mice (Tomsik et al., 2011), and host fucosy-
lation deficiency in mice led to colitis and adenocarcinoma (Wang et al.,
2017). Therefore, it can be hypothesized that the dysregulation of fucose
and rhamnose metabolism in DON-exposed mice may be a mechanism
that potentiates colorectal tumorigenesis.

Other potential mechanisms can also participate in the protumori-
genic effect of DON such as increasing the carcinogenic potential of
genotoxins present in the diet or in the microbiota. For example, in the
non-transformed intestinal epithelial cell line IEC-6, DON is not geno-
toxic on its own but aggravates DNA damage induced by a broad spec-
trum of genotoxic agents such as etoposide, cisplatin, and phleomycin
(Garofalo et al., 2022). In addition, dietary contamination with DON
increased intestinal DNA damage in rats colonized with E. coli which
produce colibactin - a polyketide peptide which can alkylate DNA
(Payros et al., 2017).

5. Conclusion

Epithelial cell proliferation was increased in duodenum, jejunum,
ileum, and colon in mice after 8-day exposure to DON at a dose which is
translational to human dietary exposure. DON exposure also led to
exacerbation of indomethacin-induced enteritis intensity and colorectal
carcinogenesis development in murine model systems. The protumori-
genic effect of DON was associated with altered gut microbiota diversity,
composition, and metabolism of fucose and rhamnose.

This study adds to our knowledge of the harmful effects of DON in
the gut and highlights the need to pay particular attention to individuals
with intestinal susceptibility. More studies are required to better char-
acterize the effects of DON ingestion on the development of colorectal
cancer, and to assess the relevance of these effects in humans.
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