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 15 

Abstract 16 
Ingestion of deoxynivalenol (DON), one of the most common mycotoxin contaminants 17 
of cereals, leads to adverse effects for animal and human health. Bacterial 18 
biotransformation is a strategy to mitigate the toxicity of this mycotoxin. The present 19 
study aims to evaluate the toxicity of two bacterial biotranformation products of DON: 20 
3-epi-deoxynivalenol (3-epi-DON) and de-epoxy-deoxynivalenol (DOM-1) through 21 
zootechnical, hematological, histological and immunological assays. Twenty-four 4-22 
weeks-old piglets received a control diet or a diet contaminated with 3 mg kg-1 DON, 23 
DOM-1, or 3-epi-DON for 7 days. Sample tissues were collected for 24 
histomorphometrical analysis, expression of cytokines and cell protein junctions. The 25 
zootechnical and hematological parameters were not modulated by any treatment. 26 
Ingestion of DON induced histological alterations in the intestine, liver and lymphoid 27 
organs, as well as an overexpression of pro-inflammatory cytokines, E-cadherin and 28 
occludin. These changes were not observed in piglets receiving the DOM-1 and 3-epi-29 
DON contaminated diets. Pigs fed 3-epi-DON contaminated diet showed an increase in 30 
IgM levels in comparison with other diets, while no change was observed in IgA and 31 
IgG levels among the diets. Our results indicate that DOM-1 and 3-epi-DON  are not 32 
toxic for piglets; thus bacterial biotransformation seems to be a sustainable alternative 33 
to reduce mycotoxin toxicity. 34 
 35 
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 1 

INTRODUCTION 2 

Mycotoxins are fungal secondary metabolites that naturally contaminate food 3 

and feed, representing a health risk factor for both human and animals. These toxins 4 

also induce negative economic impacts in the livestock production (CAST 2003; 5 

Karlovsky et al., 2016). Deoxynivalenol (DON) is a trichothecene produced by 6 

Fusarium species frequently found worldwide contaminating cereals crops as wheat, 7 

barley and maize (Knutsen et al., 2017). Food and feed are naturally contaminated with 8 

DON and its derivate modified forms (Payros et al., 2016). The derivate forms of DON 9 

can be the result of fungi acetylation [3-acetyl-deoxynivalenol (3ADON), 15 acetyl-10 

deoxynivalenol (15ADON)], plant production [deoxynivalenol-3-β-D-glucopyranoside 11 

(DON3G)] or bacterial transformation [de-epoxy-deoxynivalenol (DOM-1), 3-epi-12 

deoxynivalenol (3- epi-DON) and 3-keto-deoxynivalenol (3-keto-DON)] (Alizadeh et 13 

al., 2016; Payros et al., 2016; Pierron et al., 2016).   14 

The toxic effect of DON has been widely investigated and is associated with its 15 

ability to bind to the ribosome, inhibits protein and nuclei acid synthesis, induces 16 

ribotoxic stress and activation of mitogen activated kinases (MAPKs) (Pestka, 2010; 17 

Pinton et al., 2010). In pigs, DON induces changes in the intestinal barrier function, the 18 

absorption of nutrients and the immune response (Bracarense et al., 2012; Silva et al., 19 

2014; Pinton et al., 2015). In addition, histological changes in the liver and the kidney 20 

(Mikami et al., 2004; Grenier et al., 2011), apoptosis of lymphocytes (Mikami et al., 21 

2010) and immunotoxic effects on the expression of immunoglobulin and 22 

proinflammatory cytokines were also described (Pinton et al., 2008; Grenier et al., 23 

2011; Bracarense et al., 2012).  24 



Data concerning DON derived forms after bacterial transformations are scarce 1 

and the effects of these modified mycotoxins are not well established, especially in vivo. 2 

Indeed most of the experiments were performed using in vitro and ex vivo approaches 3 

(Danicke et al., 2010; Broekaert et al., 2016; Pierron et al., 2016; Springler et al., 2017). 4 

They demonstrated in different cell lines that DOM-1 and 3-epi-DON induces no 5 

alteration in cell viability, proliferation and membrane integrity, while in intestinal 6 

explants no morphological changes or activation of MAPKs were detected. In vivo 7 

experiments investigating the toxicity of DOM-1 and 3 epi-DOM are limited and none 8 

of them were performed using contaminated diet. In mice, purified 3-epi-DON 9 

administrated by gavage did not alter body and organ weights, hematology and organ 10 

histopathology (He et al., 2015). Similarly, gavage experiment performed in pigs 11 

demonstrated the reduced toxicity of purified DOM-1 in pigs (Pierron et al., 2018).  12 

A better understanding of the local and systemic effects of 3-epi-DON and 13 

DOM-1 using an in vivo model with contaminated diet is important to the development 14 

of decontamination strategies including bacterial/enzymatic transformation of DON in 15 

metabolites with reduced toxicity. The purpose of the present study was to evaluate 16 

zootechnical and hematological parameters, as well as histological and immunological 17 

aspects in pigs fed DON-, DOM-1 and 3-epi-DON-contaminated diets. 18 

 19 

MATERIAL AND METHODS  20 

Animals 21 

All animal studies were carried out in accordance with the European Guidelines 22 

for the Care and Use of Animals for Research Purposes (Directive 2010/63/EU) and 23 

validated by Ethics Committee for Animal Experiments Toxcomethique n° 86 24 

(TOXCOM/0018/PPIO). Twenty-four 4-weeks-old weaned castrated male piglets 25 



(Pietrain/Duroc/Large-white) were used in the present study. The effect of sex has been 1 

largely overlooked in mycotoxicological research (for review see Soler and Oswald, 2 

2018). Nevertheless, some studies have shown the higher sensitivity of male pigs to 3 

mycotoxin including DON (Andretta et al., 2012; Marin et al., 2006). Thus, for this 4 

reason and in order to avoid the influence of hormonal cycle, the experiment was 5 

performed on castrated male piglets. Pigs were acclimatized for 1 week in the animal 6 

facility of the INRA ToxAlim Laboratory (Toulouse, France) prior to being used in 7 

experimental protocols. Six pigs were allocated to each treatment on the basis of body 8 

weight and were observed daily. During the experimental period each treatment group 9 

was given free access to water and the assigned diet. Piglets were weighed at day 0, 3 10 

and 6 and body weight gain was calculated for the total period. After euthanasia, the 11 

weight of intestine, liver and spleen was measured. 12 

 13 

Mycotoxins and experimental diets 14 

Purified DON was purchased from Sigma-Aldrich (St Louis, MO, USA). Crystalline 15 

DON (Romer Labs, Tulln, Austria) was transformed to obtain DOM-1, as previously 16 

described (Pierron et al., 2016). 3-epi-DON was obtained by microbial transformation 17 

of DON as already described (He et al., 2015).  18 

Four different batches were prepared, one control batch and three batches artificially 19 

contaminated with the mycotoxins. Each purified mycotoxin was dissolved in water at 20 

the concentration of 1 mg/mL and directly sprayed on a monolayer thin of a second age 21 

piglet finished feed (Stimiouti, EVIALIS France), done in a similar way as previously 22 

described for an enzyme (Grenier et al., 2013). Animals were exposed to the 23 

contaminated feed containing 3 mg kg-1 of DON, DOM-1 or 3-epi-DON. The dose of 24 

3mg kg-1 was chosen as it can be observed in contaminated crops (SCOOP 2003, 25 



Knutsen et al., 2017) and it induces significant intestinal and systemic alterations in 1 

piglets (Bracarense et al., 2012; Grenier et al., 2013; Alassane–Kpembi et al., 2020). 2 

After six days of exposure to the mycotoxins, pigs were submitted to electrical stunning 3 

and euthanized by exsanguination.  4 

 5 

Hematological and immunological parameters 6 

At day 0, 3 and 6 blood samples were aseptically collected from the left jugular 7 

vein. Hematological analysis was carried out at day 6, using the impedance coulter 8 

LH500 (Beckman Coulter, Villepinte, France). Subpopulations of white blood cells 9 

(lymphocytes, monocytes, neutrophils, eosinophils and basophils) were also analyzed 10 

and made manually on 100 leukocytes on May-Grunwald Giemsa stained smears. 11 

The total concentration of the immunoglobulin subsets was measured by ELISA 12 

as previously described (Marin et al., 2006). Briefly, the different isotypes were 13 

detected with the appropriate peroxidase anti-pig IgA, IgM or IgG (Bethyl, Interchim, 14 

Montlucon, France) and were quantified by reference to standard curves constructed 15 

with known amounts of pig immunoglobulin classes. Absorbance was read at 450nm 16 

using an ELISA plate reader (Spectra thermo, Tecan, NC, USA) and the Biolise 2.0 data 17 

management software. 18 

 19 

Histological assessment  20 

After euthanasia, samples of jejunum, jejunum with Peyer’s patches (PP), ileum, 21 

ileum Peyer’s patches, colon, liver, spleen and lymph nodes were collected from all 22 

treatments and fixed in 10% buffered formalin for histopathological evaluation. Tissue 23 

samples were routinely processed and embedded in paraffin wax. Sections of 5 µm were 24 

stained with hematoxylin-eosin (HE) and periodic acid-Schiff (PAS) for 25 



histopathological and goblet cells evaluation respectively. A lesion score was performed 1 

as already described (Terciolo et al., 2019). Villi height was measured randomly on 10 2 

villi using an image analysis system (Motic Image Plus, Motic Instruments, Richmond, 3 

Canada) at 20x magnification. The evaluation of goblet cells was performed by 4 

counting PAS stained cells in the villi and crypt region in five fields randomly at 40x 5 

magnification. 6 

 7 

Determination of the expression of mRNA encoding for cytokines by real-time PCR 8 

Tissue RNA from jejunum, jejunum with Peyer´s patches, liver and spleen was 9 

extracted following the procedures previously described (Grenier et al., 2011). 10 

Concentrations, integrity and quality of RNA were determined using Nanodrop ND1000 11 

(Labtech International, Paris, France) and Bioanalyser (Agilent RNA 6000 Nano Kit 12 

Quick Start Guide). The reverse transcription and real-time qPCR steps were performed 13 

as already described by Maruo et al. (2018). Specificity of PCR products was checked 14 

out at the end of the reaction by analyzing the curve of dissociation. The sequences of 15 

the primers (Invitrogen, Life Technologies Corporation, Paisley, UK) used are detailed 16 

in Table 1. After verification of the similarity of efficacy between genes, the more stable 17 

housekeeping genes was used as a reference for normalization. The fluorescence was 18 

expressed by ΔCt method then the values were represented via the 2−ΔΔCt analysis 19 

method (Livak and schmittgen 2001). The mRNA expression levels were expressed 20 

relative to the mean of the control group as already described  by Caceres et al. (2018). 21 

 22 

Statistical analysis 23 

Data were presented as the means with their standard errors and were analyzed 24 

using the free software Action 2.3 (Campinas, SP, Brazil). One-way analysis of 25 



variance (ANOVA) followed by a multiple comparison procedure (Tukey or Duncan 1 

test) was used for statistical analysis. P values ≤0.05 were considered significant.  2 

 3 

RESULTS 4 

Effects on weight gain, organs weight, hematological parameters and immunoglobulin 5 

levels 6 

Pigs fed the DON diet showed no significant difference, but a trend of decrease 7 

in weight gain at day 6 compared to other treatments was observed. The mean weight 8 

gain was 1.85, 1.41, 1.71 and 1.68 kg at day 6 for the control, DON, DOM-1 and 3-epi-9 

DON groups, respectively. There was no difference among the treatments concerning 10 

the organs’ weight (data not shown). 11 

The hematological parameters remained similar in the different groups (Table 2). 12 

The ingestion of DON, DOM-1 and 3-epi-DON diets induced no changes in IgA and 13 

IgG levels when compared to control diet. On the other hand, pigs fed 3-epi-DON diet 14 

showed an increase in IgM levels in the 3rd and 6th days in comparison to the other diets 15 

(P≤0.05) (Figure 1).  16 

 17 

Histological assessment  18 

Piglets fed DON-contaminated diet showed significant histological changes in 19 

all evaluated tissues (intestines, liver and lymphoid organs) when compared to piglets 20 

fed DOM-1 or 3-epi-DON contaminated diets. In the intestine five segments were 21 

evaluated (jejunum, jejunum with Peyer's patches, ileum, ileum with Peyer’s patches 22 

and colon). A significant increase in the lesion score was observed in all regions of the 23 

small intestine (P≤0.05) of animals receiving DON-contaminated diet when compared 24 

to other diets (Figure 2A). Flattening of enterocytes, villi fusion, apical necrosis, edema 25 



of lamina propria were the most frequent histological changes observed in the jejunum 1 

and jejunum with Peyer's patches (Figure 2C). In ileum and ileum with Peyer’s patches 2 

the main changes were flattening of enterocytes, cytoplasmic vacuolation, edema of 3 

lamina propria and dilatation of lymphatic vessels. In colon no significant alteration in 4 

the morphological score (P>0.05) was observed among the treatments (data not shown). 5 

On the other hand, the intestine of piglets receiving DOM-1 and 3- epi-DON 6 

contaminated diets remained similar to the intestine of animals from the control group 7 

(Figure 2B, 2D, 2E). 8 

Ingestion of contaminated diets induced no significant changes in villi height 9 

(data not shown) compared to control. The number of goblet cells increased 10 

significantly in the villi of all regions of the small intestine in pigs receiving the DON-11 

contaminated diet (P≤0.05) compared to the control (Figure 3). Conversely, DOM-1 12 

remained similar to the control, excepting in the jejunum with Peyer’s patches where an 13 

increased number of goblet cells was observed. Ingestion of 3-epi-DON induced no 14 

change in villi goblet cells number (Figure 3).   In the crypt region of jejunum with 15 

Peyer's patches and ileum a significant reduction of goblet cell was observed in animals 16 

fed the DON-diet in comparison with the control diet. No significant changes were 17 

observed among the other treatments (P>0.05) (Figure 3). In the colon, the number of 18 

goblet cells remained similar in all treatments (P>0.05) (data not shown). 19 

Mild to moderate disorganization of hepatic cords, megalocytosis, cell 20 

vacuolation (cytoplasmic and nuclear) and mild necrosis were the main findings 21 

observed in the liver of piglets submitted to DON contaminated diet.  These histological 22 

changes resulted in a significant increase in the lesion score in pigs fed DON diet 23 

compared to other groups (P≤0.05). The liver of piglets receiving DOM-1 and 3-epi-24 

DON contaminated diets remained histologically similar to the control group (Figure 4). 25 



Lymphoid organs showed a significant increase in the lesion score in piglets 1 

receiving the DON-contaminated diet (P≤ 0.05) when compared to other diets (Figure 2 

5A). Both spleen and mesenteric lymph nodes showed mild to moderate lymphocyte 3 

apoptosis, an increase in germinative centers of lymphoid follicles and 4 

lymphoplasmocytic hyperplasia into paracortical and medullary sinuses (lymph node) 5 

and red pulp (spleen) (Figure 5C). Pigs fed the DOM-1 and 3-epi-DON contaminated 6 

diets showed no significant histological changes (Figure 5 B, 5D, 5E) compared to the 7 

control (P>0.05). 8 

 9 

Expression of cytokines 10 

The mRNA expression of 12 cytokines and chemokines was evaluated by real-11 

time PCR in samples of jejunum, liver and spleen. In both regions of jejunum, DON 12 

induced a significant increase in the levels of IL-12p40 (2.2-fold, P<0.05), TNF-α (2.2-13 

fold, P<0.05), and CCL20 (5-fold, P<0.05) compared to control. In addition, an increase 14 

in the expression of IL-8 (1.8-fold, P<0.05) and IL-17A (4.5-fold, P<0.05), and in IL-10 15 

was also observed in jejunum and in jejunum with Peyer’s patches, respectively (Table 16 

3). On the other hand, an increased expression of IL-1α and CX3CL-1 (DOM-1 group) 17 

and IL-10 (3-epi-DON group) was observed in one of the jejunum regions. The 18 

expression of two protein cell junctions was also investigated in the jejunum. The 19 

ingestion of DON induced a significant increase in E-cadherin (~ 2 fold) in both regions 20 

of the jejunum, while occludin expression increased ~ 2.4 fold in the jejunum with 21 

Peyer’s patches in comparison to control. No change was observed in the other groups 22 

(Table 3). In the liver and spleen no significant change in the cytokines expression was 23 

observed whatever the treatments (data not shown).   24 

 25 



DISCUSSION 1 

Ingestion of DON-contaminated diets affects animal growth, nutrient absorption, 2 

intestinal barrier function, induces intestinal lesions, and modulates the intestinal 3 

immune response (Pinton and Oswald, 2014). Pigs were one of the most affected 4 

species of DON toxicity, therefore detoxification strategies are of increasing interest. 5 

The toxicity of DON metabolites obtained after bacterial biotransformation is poorly 6 

documented and no studies have been performed with pigs fed purified 3-epi-DON and 7 

DOM-1. In the present study, piglets were submitted to one-week intoxication with a 8 

realistic concentration of DON and their metabolites DOM-1 and 3-epi-DON. Our 9 

results indicate a reduced toxic effect of these metabolites on histological and 10 

immunological parameters in piglets when compared to DON.  11 

Changes in weight gain and hematological parameters were not observed in the 12 

present study, similarly to a previous study using piglets fed a 2.8 mg kg-1 DON diet for 13 

four weeks (Grenier et al., 2013). Considering the low dose used and the short period of 14 

exposure, these results are not surprising. In the same way, the modified forms of DON 15 

induced no significant alteration in these parameters, as already observed in other 16 

studies. Indeed, pigs receiving a diet containing DOM-1 (5 mg kg-1, 1 nmol kg-1 body 17 

weight/day) for nine to 21 days showed no difference in daily feed consumption, daily 18 

weight gain and feed efficiency (Li et al., 2011; Pierron et al., 2018). Similarly, mice 19 

fed a 3-epi-DON diet (2 mg kg-1) for 28 days showed no toxic effects compared to DON 20 

in these parameters (Qu et al., 2019). 21 

Histological and immunological changes have been previously reported 22 

affecting intestine, lymphoid organs and liver of pigs exposed to DON (Bracarense et 23 

al., 2012; Gerez et al., 2015). The toxic effects were mainly associated to ribotoxic 24 

stress and activation of MAPKs (Pestka, 2010; Pinton et al., 2010). In this study, 25 



similarly to literature data, DON induced a significant increase (mean two fold-increase) 1 

in intestinal changes (enterocyte flattening, villi fusion and edema of lamina propria) 2 

compared to control treatment (Pinton et al., 2012; Bracarense et al., 2012; Silva et al., 3 

2014). Analogous alterations were also described in pigs chronically exposed to a DON-4 

contaminated diet (3 mg kg-1 feed) (Bracarense et al., 2012). The jejunum is the main 5 

intestinal region affected by the toxic effects of DON and this was evident in our 6 

histopathological findings. Differing from previous studies (Bracarense et al., 2012, 7 

Basso et al., 2013), the expression of E-cadherin and occludin was increased in the 8 

jejunum in DON-exposed group. Our hypothesis to explain this difference in the 9 

expression of cell junction proteins is related to the shorter period of exposure (7 versus 10 

35 days). Apparently, the initial period of exposure induces an overexpression of these 11 

proteins; however the persistence of the exposure results in a breakdown of the 12 

expression. In addition, a complete renewal of pig intestinal epithelium occurs every 13 

two to three days (Verdile et al., 2019); this characteristic may also interfere with the 14 

protein expression. The mechanism of this acute overexpression remains to be 15 

investigated. 16 

Interestingly, DOM-1 and 3-epi-DON treatments induced no significant changes 17 

in the morphology or cell junction protein expression in the intestine. The histological 18 

changes observed in these groups were mild edema of lamina propria and dilatation of 19 

lymphatic vessels. In a previous study, pigs fed a DOM-1 diet for a longer period (14 or 20 

21 days) also remained alike the control group (Pierron et al., 2018).  Mild 21 

morphological changes were also observed in a recent ex vivo study with 3-epi-DON 22 

using intestinal explants from pigs (Pierron et al., 2016). Furthermore, mice receiving 23 

diets containing 25 and 100 mg kg-1/body weight or 2 mg kg-1 of 3-epi-DON showed no 24 

gross or histological alterations (He et al., 2015, Qu et al., 2019).  25 



No alteration in the villi height was observed in this experiment, probably due to 1 

the short duration of DON exposure since a longer exposure (35 days) with the same 2 

concentration (3 mg Kg-1 feed) (Bracarense et al., 2012) decreased significantly the 3 

intestinal villi height in pigs. The number of goblet cells increased in the villi and 4 

decreased in the crypt region of piglets treated with DON compared to the DOM-1, epi-5 

DON and the control. We believe that the acute exposure to DON induced a migration 6 

of goblet cells from crypt region to villi. This finding differs from chronic exposure to 7 

DON where a decrease in the number of goblet cells was reported (Bracarense et al., 8 

2012; Basso et al., 2013; Gerez et al., 2015),  probably due to an increase of apoptosis 9 

in the crypt region (Silva et al., 2014).  10 

Modulation of the inflammatory response was described in animals receiving 11 

diets contaminated with DON. In the intestine an increased expression of inflammatory 12 

cytokines such as of IL-1α, TNFD, IL-1β, IL-8, IL-12p40, Il-17A and IL-22 was 13 

reported in ex vivo (Cano et al., 2013; Garcia et al., 2019; Pierron et al., 2016) and in 14 

vivo trials (Grenier et al., 2011; Bracarense et al., 2012). In the present study, an 15 

inflammatory pattern was also observed in animals receiving DON in both regions of 16 

the jejunum. From the 12 cytokines analyzed, six were increased in this group; CCL20 17 

and IL-17A showed the greater levels of expression (5-fold and 4.5-fold, respectively). 18 

CCL20 is strongly chemotactic for lymphocytes (Hieshima et al., 1997) and IL17-A 19 

regulates the activities of MAPKs (Kolls and Khader, 2010), both activities strongly 20 

associated with DON ingestion. Our results indicate that DON induces a pro-21 

inflammatory modulation even in shorter periods of exposure. Conversely, DOM-1 (~2-22 

fold of IL-1α and CX3CL1) and 3-epi-DON (1.42-fold of IL-10) induced mild increase 23 

in cytokines’ expression, reinforcing the minimal toxicity of these derived forms. 24 

https://en.wikipedia.org/wiki/Chemotactic
https://en.wikipedia.org/wiki/Lymphocyte


Immunotoxic and hepatotoxic effects of DON were reported in pigs (Mikami et 1 

al., 2010). The toxic effects were related to impairment of protein synthesis (Van de 2 

Walle et al., 2010) leading to disturbances in mitochondria and cell apoptosis (Springler 3 

et al., 2017). Similarly to previous studies (Grenier et al., 2011; Gerez et al., 2015), in 4 

the present experiment, DON induced a significant increase in the lesion score in liver, 5 

spleen and mesenteric lymph nodes. Nevertheless, piglets submitted to DOM-1 and 3-6 

epi-DON diets showed no significant histological changes in these organs. The 7 

production of immunoglobulins was also evaluated in the present study. Differently 8 

from previous studies, DON induced no change in immunoglobulin levels, probably as 9 

a result of a short period of exposure (Li et al., 2018; Lessard et al., 2015). The levels of 10 

all immunoglobulins remained similar to the control in piglets fed DOM-1 diet, while 11 

an increase in the IgM level was observed in 3-epi-DON group. Taken together, our 12 

results demonstrated that these derived forms showed no toxicity to the liver or 13 

lymphoid organs. 14 

Toxicological aspects about 3-epi-DON are scarce and the available data have 15 

been reported in vitro (He et al. 2015) or in rodent models (He et al., 2015; Qu et al., 16 

2019). Our results reinforce the reduced toxicity of this metabolite in pigs. Concerning 17 

DOM-1, a previous in vivo study in pigs also stated a reduced toxicity (Pierron et al., 18 

2018). The differences in the chemical structure of DON and their metabolites are 19 

related to the differences in biological activities (He et al., 2015).  DON induces a 20 

ribotoxic stress binding to peptidyl transferase at the 60S ribosomal subunit level 21 

resulting in MAPKs activation, whereas DOM-1 and 3-epi-DON induces no activation 22 

of these signaling pathways (Pierron et al., 2016).  23 

 In conclusion, in this study we have confirmed the absence of toxicity of DOM-24 

1 and 3-epi-DON using pigs in an in vivo model. Previously we have demonstrated the 25 



reduced toxicity of DON metabolites in pigs’ intestinal explants. In the present study we 1 

have demonstrated that this favorable effect is systemic, since no toxic effect was 2 

observed on intestine, liver and lymphoid organs. 3 
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Figure legends 1 

Figure 1 – Comparative effects of DON, DOM-1 and 3-epi-DON on immunoglobulin 2 
levels. Different letters mean a significant difference (P≤0.05).  �  control, ◼  DON 3 
diet,       DOM-1 diet and  ◻  3-epi-DON diet.  4 
 5 
Figure 2 –  Small intestine of piglets receiving different diets. �  control, ◼  DON 6 
diet,    7 
       DOM-1 diet and  ◻  3-epi-DON diet.  A. Intestinal lesion score. Different letters 8 
mean a significant difference (P≤0.05).  B. Control group showing villi with normal 9 
height. C. DON group showing diffuse edema of the lamina própria and villi atrophy. 10 
D. DOM-1 group showing mild lymphatic dilatation in the lamina propria. E. 3-epi-11 
DON group showing a villi normal morphology. B to E – Jejunum, Hematoxylin Eosin 12 
staining, bar 100 µm. A.U. – arbitrary units. PP – Peyer’s patches. 13 
 14 

Figure 3 - Comparative effect of DON, DOM-1 and 3-epi-DON on the number of goblet 15 
cells in the jejunum and ileum of piglets receiving different diets. Different letters mean 16 
a significant difference (P≤0.05).   17 
 18 

Figure 4 –  Liver of piglets receiving different diets. �control, ◼  DON diet,     DOM-19 
1 diet and ◻  3-epi-DON diet.  A. Liver lesion score. Different letters mean a 20 
significant difference (P≤0.05).  B. Control group showing normal hepatocytes. C. DON 21 
group showing diffuse hepatocyte vacuolation. D. DOM-1 group showing mild 22 
trabecular disorganization. E. 3-epi-DON group showing normal morphology of 23 
hepatocytes. B to E – Liver, Hematoxylin Eosin staining, bar 20 µm. A.U. – arbitrary 24 
units. 25 
 26 

Figure 5 –  Lymph nodes of piglets receiving different diets. � control, ◼  DON diet,   27 
       DOM-1 diet and  ◻   3-epi-DON diet.  A. Spleen and lymph nodes lesion score. 28 
Different letters mean a significant difference (P≤0.05).  B. Control group showing 29 
lymphoid follicles containing a regular number of lymphoid cells C. DON group 30 
showing depletion of lymphoid follicles (arrows). D. DOM-1 group showing 31 
lymphocyte proliferation (mitosis figures, arrows). E. 3-epi-DON group showing 32 
lymphoid cell hyperplasia in paracortical region . B to E – Lymph nodes, Hematoxylin 33 
Eosin staining, B,C, E bar 50 µm, D 20 µm. A.U. – arbitrary units. 34 
 35 

Table legends 36 

Table 1- Nucleotide sequences of primers for real-time PCR. 37 

 38 

Table 2. Effects of DON, DOM-1 and 3-epi-DON on hematological parameters. 39 

Results are expressed as mean ± SEM for six animals. Means in rows followed by the same 40 
letters do not differ significantly by Tukey’s test (P ⩽0.05). 41 



 1 

Table 3 – Expression of genes in the jejunum and jejunum with Peyers’s patches of 2 

piglets submitted to different treatments. 3 

Results are expressed as mean ± SEM for six animals. Means in rows followed by different 4 
letters indicate statistical significance by Duncan’s test (P ⩽0.05). 5 

 6 



Table 1 – Nucleotide sequences of primers for real-time PCR. 
 
 

 
 

Gene symbol Gene name Primer sequence References
CycloA Cyclophilin A F: CCCACCGTCTTCTTCGACAT NM_214353

R: TCTGCTGTCTTTGGAACTTTGTCT Pinton et al 2015
IL-1α Interleukin 1 alpha F: TCAGCCGCCCATCCA NM_214029,1

R: AGCCCCCGGTGCCATGT Cano et al. 2013
IL-1β Interleukin 1 beta F: ATGCTGAAGGCTCTCCACCTC NM_214055

R: TTGTTGCTATCATCTCCTTGCAC Von der Hardt et al.2004
IL-6 Interleukin 6 F: TTCACCTCTCCGGACAAAACTG NM_214399

R: TCTGCCAGTACCTCCTTGCTGT Grenier et al. 2011
IL-8 Interleukin 8 F: GCTCTCTGTGAGGCTGCAGTTC NM_213867

R: AAGGTGTGGAATGCGTATTTATGC Cano et al. 2013
IL-10 Interleukin 10 F: GGCCCAGTGAAGAGTTTCTTTC NM_214041

R: CAACAAGTCGCCCATCTGGT Cano et al. 2013
IL-12p40 Interleukin 12 subunit p40 F: GGTTTCAGACCCGACGAACTCT NM_214013

R: CATATGGCCACAATGGGAGATG Cano et al. 2013
IFN-ƴ Interferon gamma F: TGGTAGCTCTGGGAAACTGAATG NM_213948

R: GGCTTTGCGCTGGATCTG Cano et al. 2013
TNF-α Tumor necrosis factor alpha F: ACTGCACTTCGAGGTTATCGG NM_214022

R: GGCGACGGGCTTATCTGA Cano et al. 2013
CCL20 Chemokine (C-C motif) ligand 20 F: GCTCCTGGCTGCTTTGATGTC NM_001024589

R: CATTGGCGAGCTGCTGTGTG Cano et al. 2013
CX3CL1 Chemokine (C-X3-C motif) ligand 1 F: GCAGCTCCTAGTCCATTAC EST CK464144

R: CACCAT TCTGACCCAGAAG Meurens et al., 2009
TGF-β Transforming growth factor beta F: GAAGCGCATCGAGGCCATTC NM_214015

R: GGCTCCGGTTCGACACTTTC Meurens et al., 2009
IL-17A Interleukin 17A F: CCAGACGGCCCTCAGATTAC AB102693

R: CACTTGGCCTCCCAGATCAC Cano et al. 2013
E-cadherin Epithelial cadherin (Cadherin 1) F: ACCACCGCCATCAGGACTC NM_001163060.1

R: TGGGAGCTGGGAAACGTG Present study
Occludin Occludin F: AGCTGGAGGAAGACTGGATCAG U79554

R: TGCAGGCCACTGTCAAAATT Yamagata et al., 2004

Table 1



Table 2. Effects of DON, DOM-1 and 3-epi-DON on hematological parameters. 

 
Results are expressed as mean ± SEM for six animals. Means in rows followed by the same letters do not differ 
significantly by Tukey’s test (P ⩽0.05). 

 

  Animal treatment 
 Control  DON  DOM-1  3-epi-DON 
Hematological parameters Mean SEM  Mean SEM  Mean SEM  Mean SEM 
White blood cells (1000/µL) 29.10 1.0ª  27.80 2.4ª  28.60 3.2ª  27.30 2.4ª 
Lymphocytes (1000/µL) 21.03 0.8ª  19.30 2.2ª  18.53 1.8ª  18.93 2.8ª 
Neutrophils (1000/µL) 5.64 0.5ª  6.76 1.4a  5.95 1.7a  6.35 0.7a 
Red blood cells (1000/µL) 6.69 0.3a  6.81 0.2a  7.01 0.3a  7.15 0.2a 
Mean corpuscular volume (fL) 55.17 1.3ª  55.83 1.4a  53.00 1.7a  55.33 1.4a 
Hematocrit (%) 36.58 1.3ª  37.90 0.9a  37.22 2.1a  39.58 1.3a 
Hemoglobin (g/dL) 10.75 0.4ª  11.11 0.3a  10.81 0.7a  11.38 0.4a 
Mean corpuscular hemoglobin (pg) 16.10 0.3ª  16.35 0.3a  15.38 0.7a  15.87 0.4a 
Mean corpuscular hemoglobin 
concentration (%) 

29.42 0.4a  29.32 0.4a  28.95 0.4a  28.70 0.3a 

Table 2



Table 3 – Expression of genes of the jejunum and jejunum with Peyers’s patches of piglets submitted to different treatments. 

Genes Jejunum Jejunum PP 

 control DON DOM-1 3-epi-DON control DON DOM-1 3-epi-DON 

IL-1α 1.00±0.48b 1.71±0.31ab 2.11±0.48a 1.03±0.16b 1.00±0.18a 1.40±0.18a 1.34±0.23a 1.32±0.57a 

IL-1β 1.00±0.29a 1.37±0.34a 1.27±0.24a 1.29±0.25a 1.00±0.15a 1.41±0.19a 1.46±0.18a 1.40±0.59a 

IL-6 1.00±0.27ab 1.41±0.75ab 1.43±0.30a 0.57±0.12b 1.00±0.19a 1.48±0.19a 1.04±0.10a 1.58±0.50a 

IL-8 1.00±0.15b 1.78±0.37a 1.28±0.30ab 1.02±0.14ab 1.00±0.05a 1.28±0.12a 1.29±0.33a 1.11±0.42a 

IL-10 1.00±0.22a 1.51±0.36a 1.45±0.26a 1.42±0.42b 1.00±0.13b 1.82±0.30a 1.47±0.24ab 1.18±0.37ab 

IL-12p40 1.00±0.26b 2.05±0.34a 1.52±0.24ab 0.90±0.32b 1.00±0.29b 2.35±0.72a 1.41±0.26ab 1.25±0.40ab 

IFN-γ 1.00±0.25a 1.30±0.33a 1.37±0.33a 0.71±0.39a 1.00±0.27a 0.97±0.18a 1.11±0.14a 0.93±0.25a 

TNF-α 1.00±0.19b 1.91±0.51a 1.73±0.43ab 1.13±0.20ab 1.00±0.24b 2.50±0.41a 1.27±0.33ab 1.86±0.65ab 

CCL20 1.00±0.34b 4.68±2.12a 2.63±0.67ab 1.50±0.53ab 1.00±0.23b 5.05±1.49a 2.09±0.73b 1.24±0.34b 

CX3CL1 1.00±0.08b 1.73±0.30ab 1.89±0.29a 1.44±0.33ab 1.00±0.55a 1.35±0.26a 1.24±0.09a 1.47±0.54a 

TGF-β 1.00±0.16a 1.54±0.25a 1.65±0.32a 1.22±0.18a 1.00±0.17a 1.60±0.26a 1.33±0.20a 2.15±0.80a 

IL-17A 1.00±0.18a 4.49±1.68b 0.96±0.26a 0.87±0.23a 1.00±0.27b 1.90±0.76ab 2.53±0.33a 1.65±0.99a 

Table 3



 
 
 
 
 
 
 

 Results are expressed as mean ± SEM for six animals. Means in rows followed by different letters indicate statistical significance by 
Duncan’s test (P ⩽0.05). 

 

E-cadherin 1.00±0.11b 1.80±0.48a 1.69±0.50ab 1.15±0.16ab 1.00±0.18b 2.40±0.23a 1.29±0.31ab 1.43±0.55ab 

Occludin 1.00±0.14a 1.30±0.22a 1.71±0.56a 1.38±0.22a 1.00±0.24b 2.38±0.31a 1.32±0.35ab 1.63±0.71ab 
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