N
N

N

HAL

open science

Proteome changes induced by a short, non-cytotoxic

exposure to the mycoestrogen zearalenone in the pig

intestine

Laura Soler, Stella Alexandre, Seva Juan, Pallarés Francisco José, Lahjouji
Tarek, Burlet-Schiltz Odile, Isabelle P. Oswald

» To cite this version:

Laura Soler, Stella Alexandre, Seva Juan, Pallarés Francisco José, Lahjouji Tarek, et al.. Proteome
changes induced by a short, non-cytotoxic exposure to the mycoestrogen zearalenone in the pig intes-

tine. Journal of Proteomics, 2020, 224, pp.1-11. 10.1016/j.jprot.2020.103842 . hal-02624213

HAL Id: hal-02624213
https://hal.inrae.fr /hal-02624213

Submitted on 22 Aug 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.inrae.fr/hal-02624213
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S1874391920302104
Manuscript_5a87756b25f5db0354¢77715d887a707

1

10

11

12

13

14

15

16

17

18

19

20

21

Title. Proteome changes induced by a short, non-cytotoxic exposure to the mycoestrogen zearalenone

in the pig intestine

Authors: Soler Laura®”, Stella Alexandre®, Seva Juan®, Pallarés Francisco JoséS, Lahjouji Tarek?,

Burlet-Schiltz Odile®, Oswald Isabelle P.

Toxalim (Research Centre in Food Toxicology), Université de Toulouse, INRAE, ENVT, INP-

Purpan, UPS, Toulouse, France

"Toulouse Proteomics Infrastructure, Institut de Pharmacologie et Biologie Structurale (IPBS),

Université de Toulouse, CNRS, UPS, Toulouse, France

‘Department of Anatomy and Comparative Pathology, Faculty of Veterinary Medicine, University of

Murcia, Mare Nostrum Excellence Campus, Murcia, Spain.

* Correspondence to:
Laura Soler

Toxalim (Research Centre in Food Toxicology), Université de Toulouse, INRAE, ENVT, INP-Purpan,

UPS, Toulouse, France
Tel + 335820663 66

e-mail : laura.soler-vasco @inrae.fr

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1874391920302104
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1874391920302104

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Abstract

Intestinal epithelial homeostasis is regulated by a complex network of signaling pathways. Among
them is estrogen signaling, important for the proliferation and differentiation of epithelial cells,
immune signaling and metabolism. The mycotoxin zearalenone (ZEN) is an estrogen disruptor
naturally found in food and feed. The exposure of the intestine to ZEN has toxic effects including
alteration of the immune status and is possibly implicated in carcinogenesis, but the molecular
mechanisms linked with these effects are not clear. Our objective was to explore the proteome changes
induced by a short, non-cytotoxic exposure to ZEN in the intestine using pig jejunal explants. Our
results indicated that ZEN promotes little proteome changes, but significantly related with an induction
of ERa signaling and a consequent disruption of highly interrelated signaling cascades, such as NF-
kB, ERK1/2, CDX2 and HIFla. The toxicity of ZEN leads also to an altered immune status
characterized by the activation of the chemokine CXCR4/SDF-1 axis and an accumulation of MHC-I
proteins. Our results connect the estrogen disrupting activity of ZEN with its intestinal toxic effect,
associating the exposure to ZEN with cell-signaling disorders similar to those involved in the onset
and progression of diseases such as cancer and chronic inflammatory disorders.

Significance

The proteomics results presented in our study indicate that the endocrine disruptor activity of ZEN is
able to regulate a cascade of highly inter-connected signaling events essential for the small intestinal
crypt-villus cycle and immune status. These molecular mechanisms are also implicated in the onset
and progress of intestinal immune disorders and cancer indicating that exposure to ZEN could play an
important role in intestinal pathogenesis.

Keywords

mycotoxins; zearalenone; intestine; pig; estrogen receptors; proteomics
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-Zearalenone (ZEN) is an estrogenic toxic food contaminant produced by certain molds.

-A short, non-cytotoxic exposure to ZEN induced little changes in the intestinal proteome, but they

were significantly pointing at a disruption of estrogen signaling.

-The estrogenic response activated by ZEN induced changes in the abundance of proteins that mediate

important intestinal functions related with epithelial homeostasis and immune status.

-ZEN could contribute to the pathogenesis of important intestinal diseases, such as inflammatory

bowel diseases and cancer.
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1. Introduction

Several fungal species that grow on crops are able to synthesize secondary toxic metabolites
(mycotoxins) under certain environmental conditions. These mycotoxins constitute natural food
contaminants. Zearalenone (ZEN) is a mycotoxin produced by several Fusarium species and is
frequently found mostly in cereals in temperate regions of the world [1,2]. Because of the structural
similarity between ZEN and the hormone 17-B-estradiol (E2), ZEN is able to bind estrogen receptors
(ERs), exerting an endocrine disruption effect [3]. The toxic effect of ZEN in the reproductive system
is well known, and include infertility, hormonal dysfunctions and hyperplasia [4]. ZEN is also toxic to
other organs, especially those that are estrogen responding, such as the liver [5—7], immune cells [8—
11] and the intestine [12—14]. ZEN is a full agonist of estrogen receptor o (ERa) and a mixed
agonist/antagonist of estrogen receptor B (ERP) [15]. The estrogenic stimulation by ZEN, like that of
E2, is predominantly mediated by ERa signaling, which is the main regulator of estrogen-dependent
genes leading to proliferative, anabolic effects [16,17]. ERP, when co-expressed with ERa, restrain
ERa activity and its activation inhibits cell proliferation and induces a catabolic effect [16]. At high
concentrations the toxicity of ZEN is independent of estrogen signaling, and exerts a cytotoxic effect
characterized by a high oxidative state, cell membrane disruption, DNA oxidative damage and
apoptosis [18]. ZEN has hence a pleiotropic toxicity depending on the target organ (estrogen-

responding or not) and the exposure conditions (low or high dose) [19].

The intestine is exposed to food contaminants like ZEN, and is a major site of xenobiotics
metabolization. In some species like human and pig, ZEN is biotransformed in the small intestine into
a more estrogenic metabolite, alpha-zearalenol (a-ZOL), which explains the high sensibility of these
species to this toxin [20,21]. The toxicity of ZEN in the intestine has been studied using targeted gene
expression and transcriptomics both in-vitro and in-vivo, describing a regulation of the expression of
genes involved in immune functions [12,14,22] as well as signaling cascades involved in the

development of cancer [12,14,23]. However, more research is still needed to fully understand the
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molecular mechanisms that lead to ZEN intestinal toxicity. Hypothesis-producing technical
approaches such as proteomics are particularly helpful to study toxin with multiple effects such as
ZEN [24], and represent a promising tool for the discovery of intestinal biomarkers of effect [19,25].

Nonetheless, proteomics has never been applied to investigate the toxicity of ZEN in the intestine.

In the present study we investigated the global proteome changes induced by a non-cytotoxic exposure
to ZEN using a jejunal explant model. Proteome changes indicated that ZEN mediates an estrogenic
activation leading to the alteration of extracellular signal-regulated protein kinases 1 and 2 (ERK1/2),
phosphatidylinositol 3-kinases/protein kinase B (PI3K/Akt), as well as the chemokine signaling C-X-
C chemokine receptor type 4/ stromal cell-derived factor 1 (CXCR4/SDF-1) axis. Functional

validation confirmed this hypothesis.

2. Material and methods

2.1 Experimental Design and Statistical Rationale

In the present study, an ex-vivo model based in the use of pig jejunal explants was used. This model
is convenient to study the molecular events dependent of the interaction between the different intestinal
cellular types as well as signaling gradients present along the crypt-villus axis. Additionally, it allows
for the analysis of control-treated paired explants, thus taking into account individual variability. The
pig was the chosen species because of similarities with humans regarding intestinal anatomy,
physiology and ZEN metabolization pattern (both species are highly sensitive due to a bioactivation
of ZEN through transformation to 0-ZOL). Intestinal explants can be cultured ex-vivo up to 4h, and
longer exposure times are associated with degradative changes. Post-weaning animals are often used

as tissue donors because of their high sensitivity to mycotoxins [26].
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To avoid unspecific molecular responses (i.e. event related with apoptosis or oxidative stress) able to
mask ZEN-specific toxic events [27] we selected non-cytotoxic exposure conditions (4h at 100uM)

for pig intestinal epithelial cells (Lahjouji T.; unpublished results).

Proteomic analysis and verification was performed in three paired control and treated samples
(analytical sample set), whereas a second set of samples (six paired control and treated samples;
validation sample set) obtained in an independent experiment under the same conditions were
employed for functional analysis validation. Paired t-tests (GraphPad Software, San Diego, CA, USA)
and paired ratios were employed to analyze differences in protein abundance in all cases. Significance

level was set at p=0.05, and paired ratios were considered relevant if higher than 1.5.

2.2 Animals and pig jejunal explants culture

Pigs (5 weeks-old castrated males) were obtained from a local farm (Gaec de Calvignac, St. Vincent
d'Autejac, France). The experiment was conducted under the guidelines of the French Ministry of
Agriculture for animal research. The Ethics Committee of Pharmacology-Toxicology of Toulouse-
Midi-Pyrénées approved all animal experimentation procedures in animal experimentation
(Toxcométhique; N°: TOXCOM/0136/PP). Jejunal tissue collection and explants preparation was
performed as detailed elsewhere [28,29] although using Williams phenol red-free (Sigma, St Quentin
Fallavier, France) supplemented with 1% of insulin transferrin-selenium (Sigma), 1% penicillin
(Eurobio, Courtaboeuf, France), 1% alanine-glutamine (Sigma), 0.5% gentamycin (Eurobio) and 50
mL of glucose (Sigma) as culture medium. Plates were pre-incubated for 30 min at 39°C in a
humidified atmosphere with 5% CO2. Explants were exposed to ZEN (100 uM) or vehicle only
(dimethylsulfoxide; DMSO; Sigma) and incubated in the same conditions for a period of 4h. After
treatment, tissues were either snap frozen in liquid nitrogen and kept at -80°C until analysis, or fixed
in 10% neutral-buffered formalin. Purified ZEN was acquired from Sigma, and dissolved in DMSO to

a concentration of 20 mM, aliquoted and stored at —20 °C.
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2.3 Protein extraction, sodium dodecyl sulfate—polyacrylamide gel electrophoresis loading and nano-

liquid chromatography—tandem mass spectrometry (nLC-MS/MS) analysis of proteins

Proteins were extracted using 2 mL plastic bead tubes (MT Biomedicals, Illkirch, France) in 0.5 mL
of 6M urea, 20% SDS, 10mM Tris-HCI pH 6.8 buffer containing protease- and phosphatase inhibitors
(Sigma) in a Precellys Evolution tissue homogenizer (Bertin Technologies, Montigny-le-Bretonneux,
France). Total protein content was quantified (BCA protein assay, Thermo Fisher Scientific, Waltham,
MA, USA). After reduction and alkylation, 100 pg of proteins were loaded on a 12% acrylamide
sodium dodecyl sulfate—polyacrylamide gel and electrophoresis was performed at 50V for 20 min.
Proteins were visualized as a single band by Coomassie Brilliant Blue staining. Each band was cut into
a single slice that was washed in 100 mM ammonium bicarbonate for 15 min at 37°C, followed by a
second wash in 100 mM ammonium bicarbonate:acetonitrile (1:1) for 15 min at 37°C. A second cycle
of washes in ammonium bicarbonate and ammonium bicarbonate/acetonitrile was performed. Proteins
were in-gel digested by incubating each slice with 1 pg of modified sequencing grade trypsin
(Promega, Madison, W1, USA) in 50 mM ammonium bicarbonate overnight at 37°C. The resulting
peptides were extracted from the gel in three steps: a first incubation in 50 mM ammonium bicarbonate
for 15 min at 37°C and two incubations in 10% formic acid:acetonitrile (1:1) for 15 min at 37°C. The
three collected extracts were pooled with the initial digestion supernatant, dried in a SpeedVac
(Thermo Fisher Scientific), and resuspended with 50 pL of 5% acetonitrile and 0.05% trifluoroacetic
acid. The peptides were analysed by nano-liquid chromatography—tandem mass spectrometry
(MS/MS) using an UltiMate 3000 RSLCnano system (Dionex, Amsterdam, The Netherlands) coupled
to an OrbiTrap QHF-X mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Five
microliters of each sample was loaded onto a C18 pre-column (300 pum id, 5 mm; Dionex), at 20
pL/min, in 5% acetonitrile and 0.05 % trifluoroacetic acid. After 5 min of desalting, the pre-column
was switched on line with the analytical C18 column (75 pm id x 15 cm C18 column; packed in-house

with ReproSil-Pur C18-AQ 3 pum resin, Dr Maisch; Proxeon Biosystems, Odense, Denmark),
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equilibrated in 95% solvent A (5% acetonitrile and 0.2% formic acid) and 5% solvent B (80%
acetonitrile and 0.2% formic acid). Peptides were eluted using a 5-50% gradient of solvent B over 120

min and at a flow rate of 350 nL/min.

The OrbiTrap QHF-X was operated in Data Dependent Acquisition mode to automatically switch
between full scan MS and MS/MS acquisition using Xcalibur software (Thermo Fisher Scientific).
Survey scan MS was acquired in the Orbitrap over the m/z 350-1400 range, with the resolution set to
a value of 60 000 (m/z 400). The 12 most intense ions per survey scan were selected for higher-energy
collisional dissociation, and the resulting fragments were analysed in the linear ion trap. Dynamic

exclusion was employed within 60s to prevent repetitive selection of the same peptide.

2.4 Bioinformatics analysis of mass spectrometry raw files and functional analysis of results

Mass spectrometry raw files were analysed using the Proline software version 1.6 [30]. MS/MS
spectra were searched in the Mascot search engine (Matrix Science Inc., Boston, MA, USA) against
the forward and reverse UniprotKB Sus scrofa database combined with a commonly observed
contaminants list. The digestion enzyme was set to trypsin with up to two missed cleavages.
Methionine oxidation and N-terminal acetylation were searched as variable modifications and
carbamidomethyl of cysteine as fixed modification. Parent peptide masses and fragment masses were
searched with maximal mass deviation of 10 ppm. A first level of false discovery rate (FDR) filtration
was done on the peptide-spectrum match level, and this was followed by a second level of FDR control
on the protein level. Both filtrations were performed at a 1% FDR. These filtrations were done using
a standard target-decoy database approach. For label-free relative quantification of the samples, the
“match between runs” option of Proline was enabled to allow cross-assignment of MS features. The
mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the

PRIDE partner repository with the dataset identifier PXD017845.
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For an overview of the Gene Ontology (GO) terms regarding cellular compartment, molecular
function, and biological processes in which proteins with differential abundance are involved (fold
change >1.5 and paired t-test p-values <0.05), we used the DAVID Bioinformatic database v6.8
software [31]. The list of proteins showing differential abundance was also uploaded onto Ingenuity
Pathway Analysis (IPA) (Qiagen Bioinformatics, Hilden, Germany) and GeneAnalytics (LifeMap
Sciences, Alameda, CA; USA) software, and mapped to the respective databases of each tool. IPA
uses networks, diseases, molecular and cellular functions. generated from previous publications and
public protein interaction databases using the Ingenuity Knowledge Base as a reference.
GeneAnalytics analysis employs and GO terms, pathways, phenotypes, and drug/compounds from
GeneCards as reference. The functional analysis provided by IPA using significantly different proteins
with fold change abundance >1.5 was not informative, so we decided to include also significantly

different proteins with fold change abundance >1.2.

2.5 Immunoblotting analysis

Protein extracts from the analytic sample set were employed for results verification using specific
antibodies for three proteins showing differential abundance, namely the thyroid hormone receptor
interactor 11 (GMAP210) and Selenoprotein M (SELENOM). Functional results were validated using
the validation sample set, and target proteins were estrogen receptor alpha (ERa), estrogen receptor
beta (ERB), ERK1/2, phospho-ERK1/2, nuclear factor of kappa light polypeptide gene enhancer in B-
cells inhibitor alpha (IkBa), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB),
phospho-NF-«kB, cyclooxygenase-2 (COX-2), caudal type homeo box transcription factor 2 protein
(CDX2), Mucin-Like Protocadherin (MUCDHL), sucrose isomaltase (SI), Hypoxia Inducible Factor
1 Subunit Alpha (HIF1a), CXCR4 and SDF-1. The antibodies used for this analysis are listed in

Supplemental table 1.

Proteins from jejunal explants from the validation sample set were extracted as described above, but

extracted in Radioimmunoprecipitation assay (RIPA) buffer. Total protein extracts (20 pg) were
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separated in 4-15% acrylamide-bisacrylamide gradient gels (BioRad, Hercules, CA, USA), except for
GMAP210, where a 10% gel was employed, and transferred onto nitrocellulose membranes. Blocking
was performed in RotiBlock (Carl Roth GmbH, Karlsruhe, Germany). Detection was achieved by
incubation with the corresponding primary antibody in blocking buffer at 4°C overnight under
agitation followed by the appropriate species-specific fluorescent secondary antibodies (Supplemental
table 1; Biotium, Inc., Fremont, CA, USA). For optimal CXCR4 detection, a treatment using Lambda
Protein Phosphatase was performed prior to blocking, following the manufacturer’s instructions (New
England Biolabs Ipswich, MA, USA). Loading control consisted in total protein staining of membranes
using SyproRuby blot stain after blotting (Thermo Fisher Scientific). Images were obtained by
scanning Chemidoc (SyproRuby-stained membranes; Bio-Rad) or a Li-Cor Odyssey Infrared Imager
(Fluorescent immunoblots; Li-Cor Biosciences, Lincoln, NE, USA). Image Studio Lite Software (Li-
Cor Biosciences) was used for image analysis. Band intensity values were normalized onto the
respective total protein staining. Levels of phosphoproteins (phosphor- ERK1/2 and NF-xB) were

normalized against the corresponding non-phosphorylated protein.
2.5 Histopathological and immunohistochemical analysis

An histopathological evaluation was carried out, including counting of goblet cells, intraepithelial and
lamina propria-infiltrated immune cells. Samples from the validation sample set were fixed in 10%
neutral-buffered formalin, embedded in paraffin wax, sectioned at 4 um and stained with Hematoxylin-
Eosin (HE; Sigma, St. Quentin Fallavier, France) for inflammatory cells and intraepithelial
lymphocyte counting as well as villi/crypt measurement, and Periodic Acid-Schiff (PAS; Sigma) for
goblet cells counting. The number of inflammatory cells in lamina propria (lymphocytes, plasma cells
and eosinophils), intraepithelial lymphocytes and goblet cells were counted in 10 non-overlapping and
consecutively selected high magnification fields of 26,000 um?2. A photomicroscope Zeiss Axioskop

40 (Zeiss, Oberkochen, Germany) equipped with a digital camera Spot Insight 2 Firewire and the
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software Spot version 4.0.5 for Windows (Spot Imaging, Diagnostics Instruments INC. Sterling

Heights, MI, USA) were used for the quantifications.

ERa immunohistochemical analysis was carried out by antigen detection using the indirect avidin—
biotin—peroxidase complex technique. Briefly, 4 um tissue sections were deparaffinized and
rehydrated through descending graded ethanol. Endogenous peroxidase activity was quenched using
Dako REAL Peroxidase-Blocking Solution (Agilent, CA, USA) for 5 min at room temperature.
Antigen retrieval method used was pH 6 citrate buffer in a decloacking chamber for 30 min at 98°C.
Sections were washed with PBS (pH 7.4) and incubated with blocking solution (normal rabbit serum,
dilution 1:100, Vector Laboratories, Burlingame, CA, USA) for 1 hour at room temperature in a
humidity chamber. ERa primary antibody diluted 1:500, was incubated overnight at 4 °C. After
washing in PBS, a goat anti-rabbit IgG biotinylated polymer antibody (Vector InmPRESS system,
Vector laboratories, Ca, USA) was applied for 30 min at 37°C. Positive labeling was detected using 3,
3’-diaminobenzidine tetrahydrochloride (Agilent) for 5 min at room temperature. Sections were finally
counterstained with Mayer’s hematoxylin, dehydrated and mounted. Negative controls consisting on
replacement of primary antibody by blocking solution were included in each assay to confirm the lack
of non-specific bindings. Positive cells were counted in 10 non-overlapping and consecutively selected

high magnification fields of 26.000 um?
3. Results and discussion
3.1 ZEN toxicity does not involve an extensive remodeling of the jejunal proteome

The clinic manifestations of mycotoxins (and other toxins) exposure result from the disruption of
different cell functions. These disruptions are often the consequence of the effect of that toxicant on
multiple molecular targets, thereby triggering a pleiotropic toxicity, whose study requires the use of
global technical approaches such as proteomics [24]. The mycotoxin ZEN is toxic for the intestine

[12,14,32], and several studies using gene expression analysis have proposed a relationship between

11



246 ZEN toxicity and immune disorders or cancer [12,14,33]. However, ZEN intestinal toxicity has not
247  been explored yet at the proteomic level. Here, we investigated the proteome changes induced by an
248  acute exposure to ZEN in the small intestine of male castrated pigs. Three paired jejunal explants were
249  exposed for 4h to 100uM ZEN or vehicle (DMSO) and analyzed by nLC-MS/MS. A total of 5880
250 proteins were identified, of which 39 proteins were significantly over-represented, and 20 proteins
251  were down-represented (p < 0.05 and fold change ZEN/C > 1.5; Fig. 1; Table 1) in ZEN-exposed
252 explants compared to controls. This indicates that ZEN toxicity did not involve an extensive
253  remodeling of the proteome from intestinal cells, as only 1% of identified proteins showed significantly
254  different abundances. This is in agreement to what is described in other proteomic studies carried out
255  in different cell lines, where non-cytotoxic conditions were associated with a limited ZEN-dependent
256  regulation of the proteome, between 0.15 and 3.14% of the identified proteome [6,34].
257 Table 1: Accession number, official gene symbol, full names and main known function of the
258 proteins showing significant differences in pig jejunal explants exposed to 100puM of ZEN for 4h.
259 Proteins are grouped according to the general process in which they are implicated. Paired p-values
260 and paired ratio of treated versus control samples (N=3; ZEN/CRL) are indicated.
Accession Official Paired Ratio
number gene Name _value ZEN/ Main function
symbol p CRL
Immune-related processes
AOAOOI;IIGT QQ MGST2 Microsomal glutathione S-transferase 2 0.029 1.8 Leukotriene C4 production
A4ZVHI1_PIG SLA MHC class I antigen 0.043 1.6 Antigen recognition
AOAOg(I)GN 3G3 SLA-3 MHC class I antigen 0.041 22 Antigen recognition
B1A9N3_PIG Skg_l MHC class II antigen 0.031 0.8 Antigen recognition
AOAICIJ6B7 SLA- . . -
PIG DRBI MHC class II antigen 0.020 0.8 Antigen recognition
ATXP09_PIG Slﬁg-l MHC class II antigen 0.029 0.8 Antigen recognition
Q95311.PIG | cp74 | Classl hiStOCﬁmpi‘t}il';iilllity antigen, gamma. | 4q 0.8 Antigen recognition
Cytoskeletal-related processes
AOAZSZCE; Al6 TRIP11 Thyroid hormone receptor interactor 11 0.046 6.3 Intracellular trafficking
AO?2§Z€F D PTK2B Protein Tyrosine Kinase 2 Beta 0.001 3.8 Reorganization of the actin cytoskeleton
B6EAVS5_PIG SLCZMR Na(+)/H(+) excﬁ;«%ﬁ_gﬁ“lmw cofactor | 14 32 Scaffold protein
LOC10062 | Phosphodiesterase 4D Interacting Protein . .
I3L8HO_PIG 4559 (blast) PDE4DIP 0.011 22 Anchoring protein
FI1SACO_PIG FUOM Fucose Mutarotase 0.001 2.1 Cell-cell adhesion and recognition processes
AO0A286ZS05 Spectrin Repeat Containing Nuclear . — L
PIG SYNE3 Envelope Family Member 3 0.032 2.0 Actin and actin filament binding
F1S7B0_PIG HOOK1 Hook Microtubule Tethering Protein 1 0.019 1.8 Endocytosis mediator
AURKB_PIG AURKB Aurora kinase B 0.000 0.8 Involved in cytokinesis

12



AO/;ZT;Z?}NG DBNL Drebrin-like protein 0.018 0.6 Adapter and actin binding protein
Metabolism-related processes
C4PKS53_PIG SEII\I/IENO Selenoprotein M 0.045 4.6 Energy metabolism
Ectonucleotide .
FIRQS0_PIG ENPP4 Pyrophosphatase/Phosphodiesterase 4 0.023 2.8 Energy metabolism
AO0A287B0I6 VKORCI Vitamin K Epoxide Rf:ductase Complex 0.041 19 Vitamin K metabolism
_PIG Subunit 1
FISQH7_PIG | SLC27A2 Solute carrier family 27 (Fatty acid 0.010 1.9 Lipid biosynthesis and fatty acid degradation
transporter) member 2
AOAOB8RSF3 PDPR Pyruvate dehydrogenase phosphatase 0.008 08 Pyruvate metabolism
_PIG regulatory subunit
FIRIS6_PIG | MMAB Methylmalonic Aciduria (Cobalamin 0028 | 07 Vitamin B12 metabolism
Deficiency) CbIB Type
Mitochondrion-related processes
FIRWZ9_PIG | FUNDCI1 FUN14 Domain Containing 1 0.006 3.1 Mitochondrial response to hypoxia
AOAOM3KLS - . . L .
6_PIG MRPS28 Mitoribosomal protein ms28, mrps28 0.012 1.8 Mitochondrial ribosomal proteins
mitochondrial import inner membrane Import of nuclear-encoded mitochondrial proteins into
FIRKS0_PIG PAMI6 translocase subunit TIM16 0.046 18 the mitochondrial matrix
F1SLC2_PIG TOMM?22 Translocase Of Outer Mitochondrial 0.019 1.6 Import cytosolic preproteins into the mitochondrion
Membrane 22
Protein processing
F275T7_PIG PPIL3 Peptidyl-prolyl cis-trans isomerase 3 0.016 5.1 Chaperone
Polypeptide N- . . .
GALTI1_PIG GALNTI1 Acetylgalactosaminyliransferase 1 0.010 2.5 Mucin-type O-linked glycosylation
AO%%}B)ZS QC SENP3 SUMO Specific Peptidase 3 0.014 24 Addition of small ubiquitin-like SUMO proteins
FI1S6E6_PIG FAF1 Fas Associated Factor 1 0.009 2.1 Ubiquitin-binding protein
A0A01]318C5563 UBXN7 UBX domain-containing protein 7 0.014 2.0 Ubiquitin-binding adapter
AOAZE?CZ}T\% SUMF1 Sulfatase Modifying Factor 1 0.002 1.8 Catalyzes the conversion of cysteine to 3-oxoalanine
RS28_PIG RPS28 40S ribosomal protein S28 0.021 1.7 Ribosomal protein
F1SOM9_PIG FKBP10 FK506 Binding Protein 10 0.043 0.8 Chaperone
A0A2}8)17€ 8HI UBQLN1 Ubiquilin 1 0.049 0.8 Modulation of protein degradation
FIRGQS5_PIG UBE2G1 Ubiquitin Conjugating Enzyme E2 G1 0.025 0.8 Ubiquitin-mediated protein degradation
Transcription and RNA processing
AO./;ZISD?éKK PRPF18 Pre-MRNA Processing Factor 18 0.000 4.1 RNA processing
FIRSH4_PIG | UTPI8 UTP18, Small Subunit Processome 0.029 29 RNA processing
Component
FISCVO0_PIG ZNF511 Zinc Finger Protein 511 0.004 22 Transcriptional regulation
I3LPLO_PIG WDRI13 WD Repeat Domain 13 0.003 1.5 Transcriptional regulation
FIRFTO_PIG GINS3 GINS Complex Subunit 3 0.001 0.8 Transcriptional regulation
I3L751_PIG REXO4 REX4 Homolog, 3'-5' Exonuclease 0.041 0.8 Transcriptional regulator, can bind ESR1 and ESR2
FIRTX5_PIG NAFI Nuclear Assembly Factor 1 0.020 0.8 RNA-binding protein
Ribonucleoprotein
Cell signaling
A5A8Y6_PIG | AGPATI I-acyl-sn-glycerol-3-phosphate 0.036 3.1 Lipid-related signal transduction
acyltransferase
AOA287ANB BRMS1 BRMSI, TranSf:r%ptional Repressor And 0.005 24 Transcriptional repressor of NF-kappa-B; anoikis
5_PIG Anoikis Regulator promoter
AOAZEZC? K9 ITGA10 Integrin Subunit Alpha 10 0.003 2.3 Ahesion and cell-surface mediated signalling
AOAZS;(? 457 SMOC2 SPARC Related Mod2u lar Calcium Binding 0.020 1.5 Matricellular protein. Promotes matrix assembly
AO0A287AZC T Modulate the action of growth factors BMP-4 and TGF-
9_PIG FSTL1 Follistatin Like 1 0.038 0.8 Bl and Activin A
AOI%ziZéAX CC2D1A Coiled-coil and C2 domain containing 1A 0.015 0.8 Transcription factor
A012218)?éXA GA]ID1245G GADD45G Interacting Protein 1 0.030 0.8 Cell cycle regulation. Involved in hormone response
AOA£86ZWQ LTBP1 Latent Transforming Growth Factor Beta 0.045 0.8 Inhibit TGF-beta activity. Regulates integrin-dependent
1_PIG Binding Protein 1 : ! activation of TGF-beta
AOAZBTAIMS CNBP CCHC-Type .Zm.c Finger N ucleic Acid 0.019 0.8 Involved in sterol-mediated repression
_PIG Binding Protein
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Other processes

AQP1_PIG AQP1 Aquaporin-1 0.043 3.0 Water channel

AOAZEZS 2D3 BRATI1 BRCAL Associated ATM Activator 1 0.013 29 DNA damage response

FIRWAS_PI TMEM236 Transmembrane Protein 236 0.010 1.9 Unknown, highly abundant in intestinal tissues

A0A2F§I7C1}3 17 AQP11 Aquaporin 11 0.026 1.6 Water channel

FIRUH7_PIG TPMT Thiopurine S-Methyltransferase 0.021 0.8 Detoxification
261
262 Two highly over-represented proteins, GMAP210 and SELENOM were selected for results
263  verification. Immunoblotting analysis confirmed the accumulation of both proteins in the jejunal
264  explants exposed to ZEN (Fig 2), with ratios of 1.3 and 1.6, respectively. These ratios were lower than
265  the ones obtained by proteomics (6.3 and 4.5), but the significance of the difference was higher (p<0.01
266  in both cases vs. p<0.05 in the case of proteomics). Differences in ratios for both techniques reflect
267  expected differences in sensitivity, but verification is confirmed by the presence of statistical
268  differences and the similar trend in protein accumulation.
269 3.2 ZEN-induced accumulation of ERo. mediates an activation of NF-kB signaling without initiating
270  an inflammatory response
271 The list of differentially abundant proteins (fold change >1.5 and paired t-test p-values <0.05) was
272 analyzed using DAVID database in order to identify significantly enriched GO terms (Table 2).
273 Opverall, enriched GO terms were associated with three general three functions: (i) translational/post-
274  translational responses, (ii) metabolic changes and (iii) NF-kB signaling.
275 Table 2. Enrichment of GO terms regarding cellular compartment, molecular function, and
276 biological processes according to DAVID Bioinformatic database v6.8 functional analysis in
277 differentially abundant proteins(fold change >1.5 and paired t-test p-values <0.05) in ZEN-treated
278 jejunal explants.

Category GO Term Biological Process

Reference Term PValue FOld FDR
Enrichment

G0:0001961 Positive regulation of cytokine-mediated signaling pathway 0.020 95.95 0.25

GO0:0006364 rRNA processing 0.024 6.28 0.29

GO0:0015793 Glycerol transport 0.037 51.67 0.41
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279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

G0:0006461 Protein complex assembly 0.045 8.69 0.47
G0:0030150 Protein import into mitochondrial matrix 0.048 39.51 0.50

Category GO Term Cell Compartment

Fold

Reference Term PValue Enrichment FDR
G0:0034098 VCP-NPL4-UFD1 AAA ATPase complex 0.025 76.41 0.26
GO0:0005783 Endoplasmic reticulum 0.030 291 0.30
G0:0031307 Integral component of mitochondrial outer membrane 0.058 32.75 0.50

Category GO Term Molecular Function

Reference Term PValue Enri(:ilen t FDR
G0:0015250 Water channel activity 0.046 41.38 0.42
G0:0016853 Isomerase activity 0.060 31.52 0.51
GO0:0051059 NF-kB binding 0.085 22.07 0.64

The first function, translational/post-translational responses, was linked with the over-representation
of proteins related with endoplasmic reticulum and the ATPase complex that links the endoplasmic
reticulum with the proteasome system, as well as changes in rRNA processing-related proteins.
Changes in the second function, cell metabolism, was indicated by the enrichment in mitochondrial
proteins, isomerase activity, glycerol transport and water channel proteins. These effects can be
considered unspecific cellular responses to a toxicant [27]. By contrast, the enrichment in GO terms
associated with the function, NF-kB signaling (NF-xB binding and cytokine-mediated signaling),
suggests a specific effect and was further investigated. NF-kB is a transcription factor mainly known
for regulating the expression of numerous inducible genes involved in inflammation, but is also
involved in cell differentiation, proliferation and apoptosis [35]. We observed a significant increase in
the activated phosphorylated form of NF-kB, as well as in the levels of its repressor I-kBa by

immunoblotting, confirming the activation of this signaling cascade (Fig.3) [35].

To determine whether this activation was associated with an inflammatory response, the abundance of
COX-2, a pro-inflammatory protein targeted by NF-kB, was quantified. We did not observe any
changes in the levels of this protein (Fig. 3). Using the same exposure conditions, we previously

demonstrated that ZEN does not induce either the expression nor the accumulation of pro-
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inflammatory molecules such as cytokines or acute phase proteins [32]. Our results suggest that ZEN
induces the activation of NF-kB cascade, but blocks the pro-inflammatory transcriptional response
associated with this activation. We hypothesized that the estrogenic activity of ZEN could be behind
this effect, since estrogen can rapidly activate and regulate NF-«xB signaling [36,37], but also directly

control the transcriptional response of NF-kB [38].

We further investigated the effect of ZEN on the estrogen receptors ER and ERa. We observed an
increase in the protein levels of ERa, whereas ERp levels remained unchanged (Fig.4). The number of
epithelial cells stained positive for ERa was also significantly higher in treated explants (Fig.4). ER-
mediated activation of NF-kB is associated with a pro- or anti-inflammatory outcome depending on
the preponderance of ERP or ERa signaling, respectively [39]. The preponderance of ERa is
considered to be anti-inflammatory and cytoprotective [39], thus suggesting that ZEN, through its ERa
agonist activity, is able to induce an activation of NF-kB that is not associated with the induction of

inflammation.

3.3 ZEN induces CXD2 and HIFla signaling in a process that involves ERKI1/2 and PI3K/Akt

activation

Given that functional analysis carried out with IPA using proteins that showed significantly different
abundance (p-value<0.05) and fold change >1.5 was not informative enough, we decided to enrich the

functional analysis adding significantly abundant with a fold-change >1.2.

Table 3. Top canonical pathways enriched in differentially abundant proteins (fold change >1.2 and
paired t-test p-values <0.05) in ZEN-treated jejunal explants according to Ingenuity Pathway

Analysis.
Number Ingenuity Top Canonical Pathways log(p-value) Ratio
1 CDP-diacylglycerol Biosynthesis I 2.37 0.100
2 Phosphatidylglycerol Biosynthesis II (Non-plastidic) 2.28 0.091
3 Lipid Antigen Presentation by CD1 2.14 0.077
4 Regulation of elF4 and p70S6K Signaling 2.11 0.025
5 eNOS Signaling 2.09 0.025

16



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

We observed that the top enriched canonical pathways obtained by IPA (Table 3) were related with
cell membrane lipids signaling, and more specifically with phosphatidylinositol 3-kinase (PI3K)
signaling. Indeed, CDP-diacylglycerol (pathway 1) is involved in the regulation of lipid-dependent
membrane signal transduction processes, and is an intermediate in the synthesis of
phosphatidylglycerol (pathway 2) and phosphatidylinositol (PI) [40]. PI is the substrate of PI3K, a key
molecule in signaling implicated in cell proliferation and metabolism [41]. PI3K, is able to activate
eNOS [42,43] (pathway 4) and elF4e (pathway 5) pathways [44]. Owing to these facts, [PA pathway
analysis suggest an activation of PI3K signaling by ZEN, as the connecting event between all regulated
top canonical pathways. The estrogenic activity of ZEN could explain the activation of PI3K because,
together with other intracellular signaling kinase cascades such as protein kinase B (Akt) and
extracellular signal-regulated kinases 1/2 (ERK1/2), estrogen signaling can rapidly activate PI3K
[43,45—47]. In agreement with this hypothesis, IPA analysis predicted that ERK1/2, EGFR and the
estrogen receptor beta were highly interconnected in the top scoring networks constructed with the list
of differential proteins (Fig.5). Because ZEN is known to activate ERK1/2 [48] and PI3K/Akt [49] in
estrogen-responding tissues, and because our results showed an accumulation of ERa, we
hypothesized that ZEN, mimicking estrogen, can initiate a reciprocal membrane crosstalk between
ERa and EGFR signaling pathways. The latter can rapidly activates ERK1/2 in a process known to
have pro-survival and growth-promoting roles in epithelial cells [58]. To confirm this hypothesis, the

activation of ERK1/2 signaling was investigated.

We were not able to see any significant differences in the relative phosphorylation of ERK1/2 in ZEN-
exposed intestinal explants (Fig.6). That could be due to the rapid and transient activation of ERK by
estrogen signaling [50]. We thus investigated downstream events such as the changes in the signaling
of two transcription factors CDX2 and HIF1a that are targets of the two kinases PI3K and ERK. We
observed a significant accumulation of CDX2 and MUCDHL (Fig.6), a protein whose expression is

controlled by CDX2 [51,52], confirming that ZEN activates CDX2-related signaling. CDX2
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expression is controlled by ERK1/2 dynamics [53] in intestinal cells and governs key processes in the
intestinal epithelium including organization, renewal and differentiation [53-56]. MUCDHL is an
atypical cadherin important for brush border formation, epithelial cell differentiation and metabolism
regulation [57]. ZEN also prompted a significant increase in the protein levels of HIF1a and its target
SI (which is also a target of CDX2; Fig.6) [52]. HIF1a is a transcriptional factor known for being the
main regulator of the physiological response to hypoxia an the control of cellular metabolism [58,59],
whose activity is controlled by ERK1/2, PI3k/Akt and NF-kB signaling in non-hypoxic conditions
[60-62]. The activation of both CDX2 and HIFla signaling by ZEN is, therefore an indirect
confirmation of the alteration of ERK1/2, PI3K and NF-kB signaling in the intestine, and show that

ZEN toxicity influences processes important for the regeneration of the intestinal epithelium.

3.4 ZEN activates the chemokine axis CXCR4/SDF-1 and alters the intestinal immune status

Functional analysis was completed using GeneAnalytics, and enriched pathways were ranked and
scored based on degree of association with the protein set (proteins with p-value<0.05 and fold change
>1.5). Top-scoring super-pathways are presented with matching scores in Table 5. The highest score
was for the generic pathway “metabolism” followed by two specific pathways “CXCR4-mediated

signaling events” and “MHC class II antigen presentation”.

Table 5. SuperPaths enriched in differentially abundant proteins (fold change >1.5 and paired t-test
p-values <0.05) in ZEN-treated jejunal explants according to GeneAnalytics.

GeneAnalytics SuperPaths Score Ratio
Metabolism 14.51 0.012
CXCR4-Mediated Signaling Events 13.75 0.066
MHC Class II antigen presentation 11.73 0.049

The involvement of CXCR4 signaling in ZEN intestinal toxicity was confirmed by immunoblotting,
as CXCR4 receptor and its ligand SDF-1 were significantly up-accumulated in exposed explants

(Fig.7). CXCR4 is a G-protein-coupled receptor that is activated by the chemokine stromal cell-derived
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factor 1 (SDF-1 or CXCL12) [63]. An complete autocrine loop between ERa and CXCR4/SDF-1
signaling pathways is known to be installed in estrogen-depending growing cells [64,65]. ZEN-
induced activation of ERa response could hence promote a co-dependent accumulation of ERa,
CXCR4 and SDF-1. CXCR4/ SDF-1 is essential for the epithelial barrier maturation and restitution
through coordination with the PI3K/Akt and ERK1/2 response [63]. Hence, the disruption the CXCR4/
SDF-1 axis by the ZEN estrogenic effect in the intestine seems to be related with that of PI3K/Akt and

ERK1/2.

Our results indicated that ZEN can modulate the immune status of the intestine. This is suggested by
(1) the activation of the chemotactic axis CXCR4/ SDF-1, (ii) the increase of class I major
histocompatibility complex (MHC-I) proteins and a depletion of class II major histocompatibility
complex (MHC-II) proteins, together with (iii) the modulation of proteins linked with lipid antigen
presentation by CD1 (IPA canonical pathway 3 in Table 3). Epithelial cells express both MHC-I and
MHC-II on their surface [82]. MHC-I is expressed in all nucleated cells and are required for
recognition and subsequent killing of presenting cells by cytotoxic T lymphocytes, whereas MHC-11
is expressed by antigen-presenting cells and induces adaptive responses [82,83]. The equilibrium
between both systems in epithelial cells regulates the balance between intestinal tolerance and
inflammation [83]. Moreover, the estrogenic activity of ZEN can also explain the morphologic changes
observed in the intestinal tissues, namely the increased number of goblet cells and infiltrated
lymphocytes in the lamina propria (Fig. 8). Estrogen, as well as ZEN are known to regulate the quantity
of goblet cells in the intestine [66—68]. ZEN-induced increase of SDF-1 levels, a known
chemoattractant for T lymphocytes [81], could also explain the increase number of lymphocytes
infiltrating the lamina propria, a phenomenon already reported in the pig intestine upon exposure to
ZEN [67,68]. These results indicate that ZEN can disturb the immune status of the intestine, increasing

immune cells recruitment and modulating the immune sensing system.

4. Conclusion
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A short, non-cytotoxic exposure to ZEN induced only few variations in the proteome of intestinal
explants. Nevertheless, these changes suggested the disruption of several signaling cascades, namely
ER, PI3K/Akt, NF-kB, ERK1/2 and CXCR4. These results were further validated by immunoblotting
and confirmed the ablity of ZEN to activate ERa, NF-xB, PI3K/Akt, NF-xB, CDX2, HIFla and
CXCR4/SDF-1 signaling pathway. Deregulation of the dynamics of the signaling cascades mentioned
above is related with the pathogenesis of several intestinal diseases, including cancer [50,69,70] and
inflammatory diseases [39,63,71]. Additionally, ZEN modulated intestinal immune surveillance by
increasing immune cells recruitment and shifting the innate immune sensing system. It would be
advisable to investigate the effect of ZEN in the proteome of other intestinal tissues, such as duodenum
and colon, as well as in animals of different sex and age. Further research is needed to investigate role

of ZEN in the pathogenesis of intestinal diseases.
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Figure legends

Figure 1: Volcano plot of log significance (paired t-tests) versus log paired ratio on the y and x axes
of ZEN-induced changes (100uM, 4h exposure) in protein abundance. Circles represent identified
proteins not showing significant differences whereas full grey dots represent proteins with significantly
differences abundances between treated and control explants (p<0.05; ratio=1.5): Asterisks indicate
two proteins, thyroid hormone receptor interactor 11 (GMAP210) and Selenoprotein M (SELENOM)),
showing significantly different abundance that were verified by immunoblotting.

Figure 2. Immunoblotting analysis of thyroid hormone receptor interactor 11 (GMAP210) and
Selenoprotein M (SELENOM) in the analytic sample set. (A) Blot images of GMAP210 and
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SELENOM in paired pig jejunal explants (1-3) exposed (Z) or not (C) to 100 uM ZEN (Z). (B) Relative
quantification of normalized signal (arbitrary units). Values are means with standard errors of the mean
represented by vertical bars (n = 3). Asterisks indicate statistical differences (**p < 0.01).

Figure 3. Immunoblotting analysis of phospho-NF-«B , [kBa, COX-2 in paired pig jejunal explants
exposed (Z/ZEN) or not (C/CRL) to 100 uM ZEN (Z) in the validation sample set. (A) Representative
blots of 3 paired samples of phospho-NF-kB, NF-kB, IkBa and COX-2 (B) Relative quantification of
normalized signal (arbitrary units). Values of phospho-NF-xB were relative to those of NF-kB. Values
are means with standard errors of the mean represented by vertical bars (n=6). Asterisks indicate
statistical differences (*p < 0.05; **p < 0.01, ***p < 0.001).

Figure 4. Inmunoblotting and immunohistochemical analysis of ERa and ERp in paired pig jejunal
explants exposed or not to 100 uM ZEN (Z) in the validation sample set. (A) Representative image of
positive immunostatining in a control sample and (B) treated sample from the same animal. Examples
of positive nuclear staining is indicated by arrows. (C) Quantification of positive immunostained cells
in paired control (CRL) and treated (ZEN) samples (n=6) (D) Representative blots of 3 paired samples
of ERa and ER in control (C) and treated (Z) samples and relative quantification of normalized signal
(arbitrary units). Values are means with standard errors of the mean represented by vertical bars (n=6).
Asterisks indicate statistical differences (*p < 0.05; **p < 0.01, ***p < 0.001).

Figure 5. Graphical representation of the molecular relationships between molecules centered around
the estrogen receptor beta (ERp), extracellular signal-regulated kinases 1/2 (ERK1/2) and epithelial
growth factor receptor (EGFR) as a result of ZEN exposure to jejunal explants. Genes are represented
by nodes with their shape representing the type of molecule/functional class, and the relationship
between the nodes are indicated by edges. Nodes and arrows in pink represent proteins/interactions
upregulated in ZEN-treated explants. White nodes are proteins not included in input set of proteins but
having a strong connection to the proteins in the input list. The legend explaining node shape and edge
type is given in the figure.

Figure 6. Inmunoblotting analysis of paired pig jejunal explants exposed (Z) or not (C) to 100 uM
ZEN (Z) in the validation sample set. (A) Representative blots of 3 paired samples of phospho-
ERK1/2, ERK1/2, CDX2, MUCDHL, HIF1a and SI. (B) and (C) Relative quantification of normalized
signal (arbitrary units). Values of phospho-ERK1/2 were relative to those of ERK1/2. Values are
means with standard errors of the mean represented by vertical bars (n=6). Asterisks indicate statistical
differences (*p < 0.05; **p < 0.01, ***p <0.001).

Figure 7. Immunoblotting analysis of paired pig jejunal explants exposed (Z) or not (C) to 100 uM
ZEN (Z) in the validation sample set. (A) Representative blots of 3 paired samples of phospho-CXCR4
and SDF-1. (B) and (C) Relative quantification of normalized signal (arbitrary units). Values are means
with standard errors of the mean represented by vertical bars (n=6). Asterisks indicate statistical
differences (*p < 0.05; **p < 0.01, ***p < 0.001).

Figure 8. Histopathological analysis of paired pig jejunal explants exposed (ZEN) or not (CRL) to
100 uM ZEN (Z) in the validation sample set. The table above includes the means, standard deviations
of the mean and standard errors of the mean of each measure are indicated, along with the level of the
statistical differences (n=6). For more details on how measures were obtained, the reader is referred to
the material and methods section 2.5. (A) Aspects of normal numbers of lamina propria infiltrated
lymphocytes in a control sample and (B) increased lamina propria lymphocytes infiltration in the
paired treated sample.HE; bar 20 um. (C) Aspect of normal numbers of goblet cells in in a control
sample stained and (D) increased number of goblet cells. PAS; bar 20 um. Arrows indicate examples
of each measure in the image.
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