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Abstract
In recent years, the deleterious effects attributed to mycotoxins, in particular on the intestine, faced increased attention and it 
was shown that deoxynivalenol (DON) causes adverse effects on gut health. In this context, it has been repeatedly reported 
that DON can alter the intestinal morphology, disrupt the intestinal barrier and reduce nutrient absorption. The underlying 
mechanism of a compromised intestinal barrier caused by DON in chickens has yet to be illustrated. Although, DON is rapidly 
absorbed from the upper parts of the small intestine, the effects on the large intestine cannot be excluded. Additionally, a dam-
aging effect of DON on the gut epithelium might decrease the resistance of the gut against infectious agents. Consequently, 
the objectives of the present studies were: (1) to investigate the impact of DON on the epithelial paracellular permeability by 
demonstrating the mucosal to serosal flux of 14C-mannitol in the small and large intestine applying Ussing chambers and (2) 
to delineate the effects of DON on the colonization and translocation of Escherichia coli. Both parameters are well suited as 
potential indicators for gut barrier failure. For this, a total of 75 one-day-old Ross 308 broiler chickens were housed in floor 
pens on wood shavings with feed and water provided ad libitum. Birds were randomly allocated to three different groups 
(n = 25 with 5 replicates/group) and were fed for 5 weeks with either contaminated diets (5 or 10 mg DON/kg feed) or basal 
diets (control). Body weight (BW) and BW gain of birds in the group fed with 10 mg/kg DON were significantly lower than 
in group with 5 mg/kg DON and the control group. Moreover, the mannitol flux in jejunum and cecum was significantly 
(P < 0.05) higher in DON-fed groups compared to control birds. Consistent with this, DON enhanced the translocation of E. 
coli with a higher number of bacteria encountered in the spleen and liver. Altogether, the actual results verified that DON can 
alter the intestinal paracellular permeability in broiler chickens and facilitates the translocation of enteric microorganisms 
such as E. coli to extra-intestinal organs. Considering that moderate levels of DON are present in feed, the consumption of 
DON-contaminated feed can induce an intestinal breakdown with negative consequences on broiler health.
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Introduction

Deoxynivalenol (DON) is the most common trichothecene 
mycotoxin detected in feedstuffs globally. Nonetheless, the 
development of agricultural and manufacturing practices, 
DON contamination cannot be avoided and represents a 

permanent health risk for both animals and humans, since 
it was indicated that DON affects not only the intestine but 
also other tissues and systems, including immune system, 
endocrine system and nervous system in humans and animals 
(Maresca 2013). The effects of DON exposure on different 
animal species are related to the concentration and duration 
of exposure as described in several reviews (Awad et al. 2010, 
2012a, 2013; Grenier and Applegate 2013; Pinton and Oswald 
2014). Such authors concluded that exposure to DON can 
compromise gut health for two main reasons. Firstly, the gut 
epithelium is repeatedly exposed to DON at higher concen-
trations than other tissues (Awad et al. 2007a, 2011; Ghareeb 
et al. 2013, 2015). Secondly, the gut epithelium consists of 
rapidly dividing cells with a high protein turnover (Osselaere 
et al. 2013) and these cells are the main targets of DON’s 
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inhibitory action on protein synthesis. Due to the damaging 
effect of DON on the gut epithelium, it was hypothesized that 
the toxin decreases the resistance of the gut to infectious agents 
(Vandenbroucke et al. 2011; Antonissen et al. 2014).

Overall, the intestinal epithelium acts as a selectively per-
meable barrier (physical), permitting the passage of nutrients, 
water, and ions and at the same time restrains noxious sub-
stances and microorganisms within the gut (Awad et al. 2015, 
2018). Thus, intestinal integrity is critical for maintaining a 
physical barrier between the intestinal lumen and the body to 
protect against dissemination of pathogens. It was reported 
that the intestinal permeability can be defined as a quantifiable 
indicator for the intestinal barrier at given sites, via analyzing 
flux rates or uptake of defined molecules (e.g., electrolytes or 
sugars) across the intestinal epithelium by the Ussing cham-
ber technique. In general, it is important to understand the 
pathophysiological pathways and mechanisms that influence 
the intestinal barrier, since a disrupted barrier function is asso-
ciated with an increased epithelial permeability and transloca-
tion of luminal antigens (e.g., pathogens, toxins), as well as a 
non-specific inflammatory response (Groschwitz and Hogan 
2009; Odenwald and Turner 2013; Awad et al. 2017).

The toxic effects of DON on the intestine are mediated 
by various mechanisms such as down-regulation of nutrient 
transporters, decrease in nutrient absorption and reduce of tis-
sue resistance. DON also affects intestinal health by altering 
goblet cells functions such as: (1) the production of intestinal 
mucus that plays an important role in the gut barrier function 
and (2) the production of trefoil factors that contribute to the 
renewal/healing of the epithelium (Pinton et al. 2015; Graziani 
et al. 2019). Although many studies have evaluated the effects 
of DON on the small intestine of broilers, there is a lack of 
information on the effects of DON on the large intestine. In 
addition, the contribution of DON to the loss of intestinal bar-
rier function has not been extensively investigated in chick-
ens. A disruption of the intestinal barrier was reported in mice 
challenged orally with DON (25 mg/kg bw) demonstrating a 
significant increase in paracellular transport of FITC-dextran 
(Akbari et al. 2014). However, in chickens, such an effect of 
DON on the paracellular pathway and its consequences on 
bacterial translocation has not been investigated so far. There-
fore, the aim of the study was (1) to verify an effect of DON 
on the intestinal barrier by measuring 14C-Mannitol fluxes in 
chickens applying the Ussing chamber technique and (2) to 
determine the translocation of E. coli to internal organs.

Materials and methods

Ethics statement

Animal trial was approved by the institutional ethics com-
mittee of the University of Veterinary Medicine and the 

Ministry of Research and Science under the license number 
GZ 68.205/0159-WF/V/3b/2017.

Birds and feeding

A total of 75 one-day-old broiler chickens (males and 
females) were obtained from a commercial hatchery (Ross-
308, Geflügelhof Schulz, Graz, Austria) and randomly 
divided into three groups (25 birds/5 replicates/group). The 
birds were housed on wood shavings and were provided with 
their diets and water ad libitum. The broilers were fed for 
5 consecutive weeks with either contaminated diets (5 or 
10 mg DON/kg feed) or basal diets (control) based on maize, 
wheat, soybean meal, soybean oil, soya and rapeseed oil, 
and a premix with vitamins, minerals, amino acids, salt, and 
mono-calcium phosphate. Chicks were fed the starter diet 
from day 1 to day 10, and a grower diet from day 11 to day 
35. Representative feed samples for each group were ana-
lyzed for determining the concentration of DON and other 
mycotoxins in the diets. Until the end of animal trials, the 
birds were monitored daily for any clinical signs.

Body weight of birds

Body weight (BW) was determined in weekly intervals and 
the body weight gain (BWG) was calculated as the difference 
between the final and initial bird weight during each of the 
weighing periods. Furthermore, feed intake over the course 
of the experiment was measured and consequently feed con-
version ratio (FCR) was calculated per pen. At each time 
point (21, 28, and 35 days of age), 5 birds from each group 
were killed by bleeding of the jugular vein under anaes-
thesia with a single dose of thiopental (1 mg/kg) injection 
into the wing vein and samples from jejunum, cecum, liver 
and spleen tissues were collected for E. coli enumeration 
using the method described below. Furthermore, at the end 
of the feeding trial, ten birds from each group were killed 
for Ussing chamber measurements.

Determining the paracellular permeability 
by Ussing chamber technique

At the end of the feeding trial, isolated epithelia were 
incubated in Ussing chambers as described by Awad et al. 
(2014a). The Ussing chamber is connected to a mucosal and 
serosal buffer reservoir that allows the separate incubation of 
the mucosal and serosal sides in aerated buffer solution. Flux 
rates of mannitol (Jman), were measured at a bilateral con-
centration of 10 mM. The radioactive tracer, 14C-mannitol 
(0.1 mCi/ml; Hartmann Analytic), was added to the mucosal 
solution. After a 30-min equilibration period, standards were 
taken from the mucosal side of each chamber and a 30-min 
flux period was established by taking 0.6-mL samples from 
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the serosal compartment (Aschenbach et al. 2000; Tavelin 
2003). Epithelia were incubated for about 3 h divided into 
three flux periods which allows to evaluate the effect of DON 
(baseline measurement period) and subsequent exposure to 
mucosal hyperosmolarity (challenge period, increasing the 
luminal mannitol concentration from 10 to 20 mM) and per-
sistent effects of the hyperosmolarity challenge (persistent 
period). The presence of 14C mannitol was established by 
measuring β emission in a liquid scintillation counter after 
addition of a liquid scintillation fluid (Aquasafe 300 Plus, 
Zinsser Analytic, Maidenhead, UK). Unidirectional 14C 
mannitol fluxes from mucosa to serosa (Jms) were evaluated 
by calculating the net appearance of 14C overtime in the 
serosal bathing solution as a ratio of flux/concentration as 
described previously (Aschenbach et al. 2000).

Bacterial enumeration

For quantification of E. coli in the intestine (jejunal and 
cecal content) or liver and spleen, 1 g of feces/organ material 
was collected from ten birds per group at each killing time 
point, and diluted 1:10 (wt:vol) in phosphate-buffered saline 
(PBS) (BR0014G, OXOID, Hampshire, UK). The mixture 
was homogenized using an Ultra-Turrax (IKA, Staufen, 
Germany). Afterwards, serial tenfold dilutions were made 
from each sample, and 100 µl from each dilution were direct-
plated in duplicate onto MacConkey agar (Scharlau, Barce-
lona, Spain). The plates were incubated at 37 °C for 24 h. 
After incubation, E. coli colonies were counted as colony-
forming units per gram.

Statistical analysis

Data are presented as means with SEM. Following tests for 
normality (Kolmogorov–Smirnov’s test), statistical analy-
sis of performance, bacterial translocation and mannitol 
fluxes data for significant differences between the three 
groups were performed using a multivariate general linear 
model and Duncan’s multiple range test. Differences were 
considered significant at a level of P ≤ 0.05. All tests were 
performed using IBM SPSS statistics 24, SPSS software 
(Chicago, IL, USA).

Results

DON‑associated change in body weight

Growth performance of broiler chickens, in terms of the 
average body weight, was numerically decreased (P < 0.1) 
at day 7 of age birds fed with 10 ppm DON (DON 10) com-
pared to the other groups. Later, at days 14, 21 and 28 of age, 
the body weight was significantly depressed by feeding of 

DON 10 compared to the other groups (P < 0.05, Fig. 1). The 
weekly BWG was also decreased by DON treatments. How-
ever, this effect was especially pronounced at the beginning 
of the experiment and decreased thereafter. In addition, the 
level of feed intake was generally lower in broilers fed DON-
contaminated diets (Fig. 2) and it significantly decreased by 
increasing the DON concentrations in diets. In contrast, at 
early stage, the feed conversion rate (FCR, Fig. 2) was higher 
in DON-10-fed birds compared with control birds which 
indicates that DON could affect feed efficiency under the 
present experimental conditions. Later on, the effects on per-
formance were compensated, as the significant differences 
between groups decreased by age.

DON‑associated changes in intestinal permeability

To elucidate whether the paracellular epithelial permea-
tion pathway is altered by DON, the fluxes of a known 
paracellular marker molecule, mannitol, were used. The 
unidirectional mucosa-to-serosa permeability of manni-
tol in jejunum and cecum is shown in Fig. 3. The results 

Fig. 1  Effect of DON-contaminated feed on body weight (g) and 
body weight gain (BWG) of broiler chickens. Results are presented 
as mean values and SEM (n = 25). Asterisks mark differences with 
P ≤ 0.1 (#), P ≤ 0.05 (*), or P ≤ 0.001 (***)
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revealed that DON exposure induces a significant increase 
in the flux of mannitol in the jejunum in a dose-dependent 
manner in all flux periods, indicating an increased para-
cellular leakage. During the baseline period, there were 
no differences in the flux of mannitol in the cecum among 
different groups. However, during the challenge period 
(the second flux period), the increased luminal mannitol 
concentration from 10 to 20 mM resulted in an immediate 
increase in mannitol flux in a non-dose-dependent manner, 
most probably due to passive diffusion considering that 
paracellular is much more conductive than the transcel-
lular route. Nevertheless, the effect of DON 10 was more 
persistent in the cecum compared with DON 5, as there 
was a significant difference at later time-points. In addi-
tion, statistical reliable differences (P < 0.001) in paracel-
lular permeability were found among jejunum and cecum 
in the control and DON groups, as the fluxes of mannitol 
were higher in the cecum than jejunum.

Influence of DON on the colonization 
and translocation of E. coli

The E. coli enumeration in the digesta content of the small 
and large intestine is presented in Fig. 4. In DON-fed groups, 
birds had higher E. coli loads in the jejunum and cecum 
at day 21 compared to the controls; however at that time, 
no significant differences were found regarding the E. coli 
counts in the liver and spleen of the birds fed different diets. 
In addition, at day 28, E. coli counts were higher in the 
liver and spleen of DON-fed birds compared to the con-
trols. Moreover, the E. coli translocation was not linearly 
increased with higher DON concentration, as no signifi-
cant difference was observed between DON 5 and DON 10 
except that the E. coli translocation to the spleen at day 28 
was higher of DON-5-fed birds compared to the DON-10-
fed birds. These data demonstrated that E. coli translocation 
to the liver and spleen increased in DON-fed birds during the 
later stages of exposure. The results provided clear evidence 

Fig. 2  Effect of DON-contaminated feed on feed intake (g) and feed 
conversion ratio of broiler chickens. Results are presented as mean 
values and SEM (n = 25). Asterisks mark differences with P ≤ 0.1 (#), 
P ≤ 0.05 (*), or P ≤ 0.001 (***)

Fig. 3  Effect of DON-contaminated feed on paracellular permeability 
in jejunum (a) and cecum (b). Mucosal to serosal flux (Jms) of the 
permeability marker 14C-mannitol were performed in Ussing cham-
bers. Data are presented as the mean values and SEM (n = 10). Aster-
isks mark differences with P ≤ 0.1 (#), P ≤ 0.05 (*), or P ≤ 0.001 (***)



2061Archives of Toxicology (2019) 93:2057–2064 

1 3

that DON increased the paracellular intestinal permeability 
and elevated the E. coli translocation to the liver and spleen. 
This suggests that the mechanism for bacterial translocation 
after DON feeding involves alterations of the paracellular 
permeability of the gut.

Discussion

The contamination of cereal-based products by mycotoxins 
is an emerging issue worldwide with a considerable impact 
on animal and human health. In poultry production, the con-
tamination of feed with DON is of great concern due to 
the high exposure level resulting from cereal-rich diets. The 
molecular mode of action of DON depends on its ability to 
inhibit protein, RNA and DNA synthesis and to induce a 
‘ribotoxic stress response’ characterized by the activation 
of mitogen-activated protein kinases (MAPKs) (Awad et al. 
2014a, b; Ghareeb et al. 2016).

Due to the importance of the gastrointestinal tract as an 
initial organ to be encountered after the intake of DON-
contaminated feed, alterations of the intestinal barrier due 
to exposure of DON have been addressed in several studies. 
It has been repeatedly reported that DON can induce nega-
tive impacts on gut health, such as alteration of the intestinal 
morphology (Awad et al. 2006a, b, Awad et al. 2011a, b; 
Kolf-Clauw et al. 2009), disruption of the intestinal bar-
rier function via increasing tissue conductance (Awad et al. 
2004, 2005a, b; Pinton et al. 2009; Awad and Zentek 2015), 
reduction of nutrient absorption (Maresca et al. 2002; Awad 

et al. 2007a, 2011b), production of intestinal mucus that play 
an important role in the gut barrier function, production of 
trefoil factors that contribute to the renewal/healing of the 
epithelium (Pinton et al. 2015; Graziani et al. 2019) and 
modulation of the tight-junction proteins expression (Pinton 
et al. 2009; Osselaere et al. 2013). All those results indi-
cate that DON can, indeed, alter intestinal barrier functions 
with direct or indirect negative consequences for production 
efficiency.

Previous studies indicated that the impact of DON on 
poultry performance was quite contradictory compared to 
that in other animals, due to differences in chicken breeds 
and dietary composition (Kubena et al. 1988, 1989; Dänicke 
et al. 2003; Awad et al. 2004, 2006a; Ghareeb et al. 2014). 
In the current study, however, DON levels of 10 mg/kg 
had a stronger inhibiting effect on the growth of chickens 
compared with 5 mg/kg, as weight differences were more 
pronounced between 5 and 10 mg/kg DON groups. These 
results are in agreement with previous studies, demonstrat-
ing that feeding of DON-contaminated diets compromised 
the growth performance of chickens (Dänicke et al. 2003; 
Andretta et al. 2011; Awad et al. 2012b).

Besides, more insights into implications of the long-term 
effects of DON consumption on intestinal permeability in 
broilers were provided in the current study. The measure-
ment of tissue resistance is considered as a good indica-
tor of the integrity of the epithelial barrier. This decrease 
could indicate an alteration in the transcellular or paracel-
lular ion flux. Accordingly, to identify that, we evaluated the 
mucosal to serosal flux of a paracellular marker (mannitol) 

Fig. 4  E. coli counts in the jejunum and cecum of birds fed with and 
without DON-contaminated feed. Results are presented as mean val-
ues and SEM (n = 5). Numbers of bacteria are expressed in logarith-

mic form of colony-forming units (log CFU/g). Asterisks mark differ-
ences with P ≤ 0.1 (#), P ≤ 0.05 (*), P ≤ 0.01 (**), or P ≤ 0.001 (***)
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in jejunum and cecum, as less is known about the intesti-
nal site-dependent effects of DON in broilers. The results 
revealed, for the first time, that DON increased the fluxes 
of mannitol in jejunum in a dose-dependent manner. Fur-
thermore, this effect became more prominent in the cecum 
even with a low dose of DON, which might be explained 
by indirect effects of DON due to changes in cecal nutrient 
flow and mucus secretion (Antonissen et al. 2015). In addi-
tion, the fluxes of mannitol were higher in the cecum than 
jejunum, as the cecum is the intestinal segment in which the 
paracellular permeability is quite significant which was also 
confirmed in the actual study.

In this regard, Amat et al. (1999) showed that medial and 
distal segments of the ceca are moderately tight regions, 
indicating that the relative leakiness of the chicken cecum 
differs from the intestine of mammals (Awad et al. 2007b). 
Furthermore, in chickens, the highest number of microbiota 
is found in the cecum and plays a crucial role in modulation 
of the gut epithelial barrier (Awad et al. 2016a, b). Moreo-
ver, the longer retention time of digesta in the ceca permits a 
complete microbial breakdown of complex fiber and in con-
sequence enhances short-chain fatty acids (SCFAs) produc-
tion (Oakley et al. 2014). Furthermore, alterations in SCFAs 
concentrations might increase translocation of enteric patho-
genic bacteria to extra-intestinal sites by affecting the viru-
lence of bacteria via providing a signal for expression of 
invasion genes (Lawhon et al. 2002).

Concurrently, the presented data clearly showed that 
DON can increase gut paracellular permeability. Further-
more, it was hypothesized that an increased intestinal per-
meability induced by DON in chickens might promote the 
translocation of other enteric microorganisms. Evidence 
from previous studies indicated that DON exposure in the 
intestines render the intestinal epithelium more suscep-
tible to enteric infections, translocation and also potenti-
ate the inflammation. In this context, the translocation of 
a pathogenic E. coli across the porcine IPEC-1 epithelial 
cells increased in a dose-dependent manner following DON 
exposure (Pinton et al. 2009). Of great concern, however, is 
the result that also low non-cytotoxic concentrations of DON 
seem to be able to affect this intestinal barrier function, lead-
ing to the translocation of bacteria such as E. coli in human 
intestinal Caco-2 cells (Maresca et al. 2008). Similarly, a 
higher translocation of Salmonella typhimurium was also 
observed in porcine IPEC-J2 exposed to low doses of DON 
(Vandenbroucke et al. 2011). For validation and extension of 
those findings, we investigated the specific relation between 
the increase of intestinal paracellular permeability and bac-
terial translocation.

Apart from confirming permeability changes in the intes-
tine of broiler chickens, this study revealed, for the first time, 
that DON initially increased the E. coli loads in the gut and 
then promoted the translocation of E. coli with a higher 

number encountered in the liver and spleen. Such findings 
are in agreement with Pinton et al. (2009) and Maresca 
et al. (2008) who found that DON promotes the transloca-
tion of E. coli across the intestinal epithelium of porcine 
and humans. The results indicate that the effect of DON on 
bacterial translocation could be correlated with the ability 
of this toxin to specifically increase the paracellular perme-
ability. This could also be promoted by alterations in SCFAs 
concentrations as such changes promote the translocation 
of enteric bacteria to extra-intestinal sites by increasing the 
expression of invasion genes (Lawhon et al. 2002).

Taken together, the results of the actual study indicate 
that ingestion of a DON-contaminated diet exacerbates the 
intestinal paracellular permeability. Furthermore, DON can 
alter gut colonization dynamics of certain microorganisms 
as demonstrated for E. coli. In addition, DON promotes the 
translocation of luminal bacteria with possible consequences 
on animal health. The presented results showed that the 
applicable European guidance value of 5 mg DON/kg feed 
can influence gut health in broiler chickens. Therefore, per-
missible levels of DON contamination need to be re-thought 
as potential stress factor for gut health in broilers.
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