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Abstract

The study aimed to investigate the efficacy of new mycotoxin adsorbents based on purified
and activated bentonites combined with yeast and phytogenic compounds in fattening pigs.
The experiment involved 96 pigs (31.2+2.4 kg). Control (C) group was fed a diet naturally
contaminated with mycotoxins (5 mg/kg deoxynivalenol, DON) without an adsorbent.
Treated groups received the feed with mycotoxin adsorbents: purified and activated benton-
ite (T1), purified and activated bentonite, yeast derivatives, phytogenic substances (T2),
and purified, activated, and sulphurated bentonite with phytogenic substances (T3). Evalu-
ated parameters involved growth performance, organ weight, small intestine and liver histo-
pathology, complete blood count, serum biochemistry, antioxidant status of the organism
and total and free DON content in urine. In all treated groups, an significant increase in intes-
tinal GSH and GSH/GSSG ratio was observed when compared to C. No significant effects
on liver and kidney weight, complete blood count, serum or intestinal malondialdehyde con-
centration, or total/free DON content in urine were observed. All adsorbents improved histo-
pathological findings in the liver when compared to C. Moreover, T1, and T2 groups showed
no presence of inflammatory reaction or necrotic changes in the livers. Although, mycotoxin
adsorbents investigated in this study had no significant impact on pig growth performance,
they reduced the oxidative stress, and on the tissue level they protected the jejunal tissue
and liver parenchyma under deoxynivalenol challenge.

1. Introduction

Mycotoxins are a persistent global issue and cause significant production losses in pigbreeding.
Furthermore, recent climate change is responsible for the changing spectrum of mycotoxins in
food and feed [1,2]. Despite improvements in agricultural and production practices,
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mycotoxin contamination cannot be prevented, and contaminants are virtually ubiquitous at
certain concentrations in the average human and animal diet. Whereas aflatoxins can be easily
removed by several adsorbents, eliminating of deoxynivalenol (DON) is still challenge.

Pigs are considered very sensitive to mycotoxins’ effects [3,4]. Depending upon the dose,
frequency, and duration of exposure, DON may have either an immunostimulatory or immu-
nosuppressive effect. Chronic exposure to low doses of mycotoxins in pigs can lead to anorexia
and weight loss, and induce immunotoxicity. Acute exposure to high doses can cause diar-
rhoea, vomiting, leucocytosis, circulatory shock, and ultimately lead to death [5,6]. DON can
elicit an inflammatory response by acting on the ribosome, inducing ribotoxic stress that acti-
vates the MAPK pathway and induces the expression of inflammation-related genes of proin-
flammatory cytokines [5]. The established dietary limit for growing pigs should not exceed 1
mg/kg [7-9].

The economic impact of DON contamination includes pig mortality, increased veterinary
costs, and reduced meat production. As a result, there is ongoing research and development of
strategies to eliminate or inactivate DON and other mycotoxin production or reduce their
occurrence in feed [10]. A common approach to DON decontamination in feed is to use min-
eral adsorbent materials. Adsorption materials can bind mycotoxins in the gastrointestinal
tract and reduce absorption and systemic toxicity [10-12]. Because adsorption is essentially a
surface phenomenon, its effectiveness is affected by several physical properties such as the size
and distribution of the porous material, the total charge, and its distribution.

The most significant criteria for evaluating adsorbents include the stability of the sorbent-
toxin bond and their efficacy over a wide pH range, as the product is expected to function in
the gastrointestinal tract [10]. The most used detoxifiers are clay minerals (aluminosilicates)
composed of silicates of hydrated aluminium, iron, and magnesium, which usually contain
alkali metal and alkaline earth metal ions. Clays are finely granulated earthy substances (diam-
eter below 2 mm), which, after wetting, show certain plasticity. A mixture of tetrahedral and
octahedral aluminium plates with alumina and hydroxy groups is the fundamental structural
unit of silicate clay minerals [10]. This group includes two main subclasses: phyllosilicates,
which include bentonites, montmorillonites, smectites, and tectosilicates, which include zeo-
lites [10]. The advantages of mineral adsorbents are their abundant natural occurrence, low
cost, and easy modification in increasing the adsorption capacity of mycotoxins [13].

However, the effectivity of clay minerals in reduce DON adsorption is limited. Despite this,
DON possesses some structural features that could improve its reactivity—the epoxy ring,
hydroxyl groups, and an o,B-unsaturated carbonyl group. In this context, clay minerals can be
modified to increase their binding capacity [14]. Numerous studies have reported compounds
with free sulphur groups as a potential DON detoxifying agent in vivo and in vitro [15-20].
Nucleophilic addition reaction of the thiol group of glutathione and DON has been demon-
strated using HRMS and NMR spectrocopy. This reaction proceeds under mild conditions as
a physiological pH and temperature [14]. In this modification, used additional substances with
free sulphur group such as sodium metabisulphite, monome-thylamine or sodium sulphite
can be used in combination other DON adsorbents [17,21,22].

More recent attention has focused on the application of yeast cell walls for DON elimina-
tion [21,23]. Main compounds identified to be perspective in term of DON adsorption are f3-
glucans, glucomanns and mannan-oligosaccharides [22]. Prerequisite for good adsorption
capacity of yeast cell walls is a structural integrity and a non-viable cells. In particular, S. Cere-
visiae have been especially tested for this purpose [24,25].

In addition, several phytoactive compounds such as essential oils, flavonoids or organic
acids have been discovered to prevent cytotoxicity caused by DON [26-28]. A mechanism of
action is based on protecting tissues against oxidative stress, support enzymatic detoxification
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and hepatoprotection [29,30]. However, their effects vary on the applied dose, the genotype
and growing conditions of the plants. Thus, they do not act directly against the elimination of
DON, but rather address its consequences [31].

The study s aim was to verify the impact of purified and activated bentonite combined with
yeast and phytogenic substances on fattening pigs’ growth performance and health status. In
our study, mycotoxin adsorbents based on bentonite subjected to a several-step activation and
purification were used. This process results in the change of the original physicochemical
properties and an increase in the number of binding sites and adsorption capacity of the final
product. We examined the combination with yeast and phytogenic substances for further
increase its efficacy.

2. Materials and methods
Animal experiment

The study was conducted according to the guidelines of the Declaration of Helsinki, and
approved by the Institutional Review Board (or Ethics Committee) of Expert Commission for
Ensuring the Welfare of Experimental Animals of Mendel University in Brno (protocol code
160Z27083/2014-17214 and date of approval 20 May 2019). A total of 96 experimental pigs
(castrated males DanBred) with an average weight 31.2 kg were housed in 36 identical pens
measuring 2.43 x 1.46 m. The animals were exposed to the artificial lighting sources with light
intensity of 45 lux in the mode 12 hour-light and 12-hour dark cycle. According to the pre-fat-
tening pigs’ requirements, the microclimatic conditions of pigs’ housing were maintained by
an artificial computer-controlled ventilation system. The basic microclimatic standards were
maintained following the requirements of the Act on the protection of animals against cruelty
(No. 246/1992 Coll.).

The composition and nutritional values of the feed ration are shown in Tables 1 and 2. The
diet was compiled according to the Nutritional Requirements for DanBred Pigs [32].

All experimental animals were provided ad libitum access to feed and drinking water. Also,
the unconsumed feed mixture was monitored. In the experimental and control groups, the
feed ration was composed of wheat in which high concentrations of mycotoxins were detected
(Table 3). The naturally contaminated wheat was obtained from a Czech wheat producer (har-
vested in 2019). The presence of the toxin was detected by regular monitoring by the producer.
For the study purpose, a total of 57 dietary mycotoxins were analyzed using an Acquity
UPLC® System liquid chromatography (Waters, Milford, MS, USA) in conjunction with a
QTRAP® tandem mass spectrometer (Applied Biosystems, Toronto, ON, Canada) according
to the protocol published previously [33].

A total of 96 pigs were included in the experiment at an average weight of 31.2 + 2.4 kg.
Animals were fed the experimental diets for 35 days and were divided into six groups of 24 ani-
mals (6 pens x 4 pigs). The control group (C) was fed a naturally contaminated wheat diet with
high levels of DON without adsorbents. Other treated groups were fed with the same diet with
the addition of the tested mycotoxin adsorbents. All mycotoxin adsorbents were purchased
from Addicoo group, s.r.0., Czech republic. Treated group T1 was supplemented with 100%
purified and activated bentonite (based on a product Fortisorb Premium, Addicoo group, s.r.
0., Czech Republic) at a dose of 1.5 kg/ton. T2 group was supplemented with an adsorbent
containing 75% purified and activated bentonite, 17.8% yeast cell wall derivatives, and 7.2%
phytogenic substances (based on a product Fortisorb Phyto, Addicoo group, s.r.o., Czech
Republic) at a dose of 2 kg/ton. T3 group was supplemented with mycotoxin adsorbent based
on 95% purified, activated, and sulphurated bentonite with 5% phytogenic substances at a dose
of 3.5 kg/ton.
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Table 1. Ingredient composition of the experimental diet for pigs (%).

Ingredient %
Wheat * 50.00
Maize 10.00
Barley 10.95
Pea 4.00
Wheat bran 2.00
Wheat flour 5.00
Extracted soybean meal 8.60
Extracted rapeseed groat 5.00
Animal fat 0.50
L-Lysine HCI 98 0.26
L-Threonine 98 0.14
DL Methionine 99 0.04
L-Tryptophan 20 0.14
Calcium carbonate (ground limestone) 1.04
Feeding salt 0.47
Monocalcium phosphate 0.87
Mineral premix ® 1.00

A: In experimental groups and control group, the fungal infected wheat was used.

B. Provided per kg of complete diet: Vitamin A, 5000 IU; Vitamin D3, 800 IU; Vitamin E, 30 IU; Vitamin K3, 1.0 mg;
Biotin, 0.05 mg; Folic acid, 0.3mg; Niacin, 10 mg; D-pantothenic acid, 10 mg; Riboflavin, 3.6 mg; Thiamine, 1.0 mg;
Pyridoxin, 1.5 mg; Choline, 800 mg; Zn (ZnSO,), 120 mg; Fe (FeSO,), 125 mg; Cu (CuSO4.5H,0),15mg/kg; Mn

(MnS0O,.H,0), 10mg/kg; I (KI), 0.15 mg; Se (Na,SeO;), 0.2 mg.

https://doi.org/10.1371/journal.pone.0259132.t001

Table 2. Chemical composition of the feed rations (dry matter).

Indicator Feed rations
Metabolizable energy (MEp), M] 13.15
Dry matter (%) 88.93
Protein (%) 16.79
Starch (%) 41.07
Fat (%) 2.52
Fiber (%) 341
Ash (%) 5.48
Amino acids, (g)

Lysin 10.03
Methionine 3.26
Methionine + cysteine 6.98
Threonine 7.45
Tryptophan 3.59
Arginine 10.58
Histidine 4.64
Isoleucine 7.28
Leucine 13.29
Phenylalanine 8.47
Valine 8.70
Tyrosine 5.96

https://doi.org/10.1371/journal.pone.0259132.t002
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Table 3. The content of mycotoxins in the feed mixtures (ug/kg of dry matter).

Mycotoxin® Content of Mycotoxins
beauvericin 5.3
deoxynivalenol 5000.0
deoxynivalenol-3-glucoside 170
enniatin A -
enniatin Al 2.3
enniatin B 25
enniatin Bl 8.7
fumonisin B1 140.0
T-2 toxin 11.0
tentoxin 53
zearalenone 38

* The following mycotoxins were below the detection limits: 3-acetyldeoxynivalenol; 15-acetyldeoxynivalenol;
aflatoxin B1; aflatoxin B2; aflatoxin G1; aflatoxin G2; agroclavine; alternariol; alternariol-methylether; citrinin;
cyclopiazonic acid; diacetoxyscirpenol; ergocornine; ergocorninine; ergocristine; ergocristinine; ergocryptine;
ergocryptinine; ergometrine; ergosine; ergosinine; ergotamine; fumonisin B3; fumonisin B2; fusarenon X; gliotoxin;
HT-2 toxin; meleagrin; mycophenolic acid; neosolaniol; nivalenol; ochratoxin A; patulin; paxilline; penicillic acid;
penitrem A; phomopsin A; roquefortine C; sterigmatocystin; stachybotrylactam; tenuazonic acid; verruculogen; o-

zearalenol; B-zearalenol.

https://doi.org/10.1371/journal.pone.0259132.t003

The weight of the animals was monitored at regular weekly intervals. The average daily feed
intake and feed conversion were monitored for the periods: 1-14 days; 15-28 days; 29-35
days. Six randomly selected pigs from each group ranging in final weight from 62.4 to 76.5 kg
were slaughtered on the same day. The animals were left to rest and fast for about two hours
before slaughtering. They were then slaughtered by electrical stunning (350 V, 4 A) and exsan-
guination. In each slaughtered pig, kidney and liver weight were determined as percentages of
the pigs’ live weight. After slaughter, blood samples were collected via the jugular vein into
EDTA tubes and 10 mL heparinized vacuum tubes, then aliquots were centrifuged at 3000 x g
for 10 min to collect plasma, which was then frozen at -20°C until analysis; reduced and oxi-
dized glutathione (GSH/GSSG), malonyldialdehyde (MDA), glutathion peroxidase (GPx) and
biochemical parameters). Liver and intestine samples were collected, washed in PBS buffer
and placed in 4% formaldehyde until histopathologic evaluation. Urine was collected by punc-
tion of the bladder and frozen at -20°C until total and free DON analysis. Middle jejunum (3.5
m distal from duodenum) samples were collected and frozen at -20°C until analysis (MDA).

Scanning electron microscopy

For documentation of the activated bentonite structure (Fig 1), a scanning electron micro-
scope MIRA3 LMU (Tescan, Czech Republic) was used, equipped with a high brightness
Schottky field emitter for low noise imaging fast scanning rates. The SEM is fitted with an In-
Beam SE detector. An accelerating voltage of 15 kV and beam currents about 1 nA gives satis-
factory results regarding maximum throughput. Magnification 40 KX was used.

Feed ration analysis

All feed samples were oven-dried at a temperature of up to 50°C, then ground with a grinder
to a particle size of 1 mm and analyzed for the basic nutrient content. The fiber was deter-
mined on an A200 Fiber Analyzer (ANKOM, Czech Republic), nitrogenous substances
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Fig 1. Structure of purified and activated bentonite at different magnifications (SEM). A) 1.00 kx, B) 5.00 kx and
C) 15.0 kx.

https://doi.org/10.1371/journal.pone.0259132.g001

according to the Kjeldahl method (N x 6.25), and fat (by direct extraction according to Soxhlet
method) [34]. The ash was determined after burning for 4.5 hours in an oven at 550 °C. Energy
(combustion heat, BE) was determined using a calorimeter (IKA C 5000 Werke, Germany).

Amino Acid Analysis (AAA)

The method for AAA was adopted from Husek and Sweeley et al. Briefly, 5 g of sample was
hydrolyzed according to [35]. 1 mL of hydrolysate was diluted with 2.5 mL of deionisedwater.
The extracts were filtered and passed through an SCX cartridge, previously conditioned
according to manufacturer protocol (UCT, Bristol, USA). The obtained solution was dried
under N,. Each dried residue was dissolved in 60 uL water and 40 uL ethanol/pyridine (4:1).
Five uL ethyl chloroformate was added to the mixture. Finally, 150 pL of chloroform was
added.

Derivatized samples were analyzed using the GC system (Agilent 6890, Santa Clara, CA)
equipped with an FID. Separation of compounds was conducted on a 10 m CP-Sil 19 capillary
column (Agilent, USA) using nitrogen 5.0 as the carrier gas (Siad, Czech republic). The injec-
tion volume was 1 pL, and the flow rate was set at 0.7 mL/min. The injector temperature was
250°C with a split ratio of 50:1, and the FID temperature was 250°C. The oven temperature
was programmed as follows: the column was held initially at 140°C, then increased to 280°C at
40°C/min and held for 3 min. Chromatographic data were recorded and integrated using Clar-
ity software (Data Apex, Czech republic) [36].

Analysis of urine samples on DON and DON 3-glucuronide (DON-GIcA)

Urinary DON and DON-GIcA concentrations were measured using a two-step process. Stored
urine samples were allowed to thaw and were then centrifuged at 2000 g. Supernatant pH was
adjusted to pH 6.8 with the dropwise addition of KOH or HCl. An aliquot (250 pL) m was
digested using B-glucuronidase (20 000 U/mL) in a thermoshaker at 37°C for 18h, ensuring a
gentle mixing. Digested and native urine samples were passed through IAC columns (Vicam,
USA) with 2 mL of methanol. Free and total DON were analyzed by ELISA commercial kit
(Elabscience, USA) according to manufacturer protocol. Creatinine was measured by a com-
mercial kit (Elabscience, USA) according to manufacturer protocol.

Biochemical analysis

Blood samples were collected from all experimental animals to determine haematological (hae-
moglobin, hematocrit, erythrocytes, leukocytes, and platelets) and biochemical parameters
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(albumin, aspartate transaminase (AST), gamma-glutamyltransferase (GGT), glucose, total bil-
irubin and protein, urea). Spectrometric analyses were performed by a Konelab T20xt
biochemical analyzer (Thermo Fisher Scientific) and commercially available reagents,
according to [37]. Furthermore, glutathione peroxidase (GPx) was monitored in the
blood according to [38]. Colorimetric assay of determination of malonyl dialdehyde
(MDA) was carried out according to the manufacturer protocol (Elabscience, USA). In
brief, blood samples were defrosted and used immediately. Tissue samples (500 mg) were
defrosted and homogenized in lysate buffer (0.5 mL). Aliquot was centrifuged (10000 x g
for 10 minutes) and used in the assay. Twenty uL of sample or standard was put into each
test tube. Reagent 1 (20 uL), reagent 2 (600 uL) and reagent 3 (200 pL) were added to the
samples or standards. The mixture was incubated at 100°C for 40 min in a thermoblock
(BioSan, USA). After cooling, the optical density was measured within 532 nm. A
reduced (GSH), oxidized (GSSG) glutathione and their ratio GSH/GSSG was carried out
according to the manufacturer protocol (SigmaAldrich, USA). Briefly, 40 uL of standard
or sample was added to each well. 120 pL of buffer 1 was added and incubated in 37°C 1
hour (thermomixer shaker, BioSan, USA). 20 pL of substrate working solution, coenzyme
working solution, enzyme working solution were added to each well. Optical density was
measured 405 and 415 nm. The pseudo-end point method was chosen to determine the
results.

For the optical density reading, the Synergy HTX Microplate reader (BioTek, USA) was
used.

Histopathology analysis

Tissue samples of the liver (taken from the right lobe of the liver, lobus hepatis dexter) and the
intestine (taken from the middle jejunum, 3 cm) were collected and immediately fixed in 4%
formaldehyde solution to investigate and evaluate pathomorphological changes. Fragments of
tissues were cut at 3.0 um, then positioned onto Superfrost Plus slides (Leica, UK) with the ori-
entation core placed up on the slide. All tissue blocks were oriented the same way; then, the
entire tissue block was cut with the remaining sections dipped in wax and stored at room tem-
perature. The sections were stained with hematoxylin and eosin according to standard proce-
dures. Pictures were taken using an inverted Olympus microscope IX 71S8F-3 (Tokyo, Japan)
at the magnification 10-20 x for liver samples and 10x magnification for jejunum.

Statistics

The data were analyzed using STATISTICA.CZ, version 12.0 (Czech Republic). The results
were expressed as a mean from all samples + standard deviation. Experiments were performed
in triplicate. Statistical significance was determined by examining the basic differences among
groups using ANOVA and Schaffer’s method for all parameters. The differences with p<0.05
were considered significant.

3. Results
Feed efficiency during the experiment

The average scores of feed intake, conversion and daily weight gain were compared in order to
evaluate feed efficiency. During all three monitored periods (1-14 days, 15-28 days, 29-35
days), no statistically significant differences in efficiency between the control and experimental
groups were observed. All results of pig’s efficiency traits are presented in Table 4.
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Table 4. Growth performance of pigs.

Feed efficiency traits Group
C T1 T2 T3
1-14 days
Feed intake (kg/day) 1.64+0.08 1.62+0.11 1.63+0.07 1.70+0.12
Feed conversion (kg/kg) 1.99+0.07 1.94+0.06 1.97+0.08 1.94+0.09
Weight gain (kg/day) 0.82+0.04 0.83+0.04 0.83+0.03 0.87+0.06
15-28 days
Feed intake (kg/day) 2.25+0.14 2.17+0.14 2.14+0.11 2.45+0.16
Feed conversion (kg/kg) 2.12+0.10 2.06+0.07 2.05%0.06 2.08+0.14
Weight gain (kg/day) 1.01+0.07 1.06+0.08 1.04+0.05 1.03+0.07
29-35 days
Feed intake (kg/day) 2.41+0.12 2.37+0.14 2.41+0.16 2.47+0.16
Feed conversion (kg/kg) 2.56+0.17 2.54+0.11 2.53+0.11 2.48+0.19
Weight gain (kg/day) 0.94:0.05 0.94:+0.06 0.95+0.05 0.99+0.10
Entire experiment
Feed intake (kg/day) 1.99+0.08 1.99+0.09 1.98+0.07 2.09+0.12
Feed conversion (kg/kg) 2.17+0.05 2.110.05 2.12+0.04 2.11+0.08
Weight gain (kg/day) 0.92+0.03 0.94+0.05 0.94+0.03 0.96+0.04

https://doi.org/10.1371/journal.pone.0259132.1004

Body and organ weights of pigs

During dissection, the liver and kidneys were removed (Table 5). The weight of individual
organs was related to the overall weight of the carcass. No statistically significant differences
were observed between the control and experimental groups. The body weight was not signifi-
cantly affected during the experiment (Table 6).

Evaluation of antioxidant status in pigs

The first set of analyses examined the impact of mycotoxins (C group) on the antioxidant sta-
tus of pigs and adsorbent ability (T1 T3 groups) to reverse this effect. The results are present
in Table 7. There was a significant difference (p <0.05) in reduced glutathione levels (GSH)
between C and T1—T3. The highest GSH level was observed in the T1 group (13.6 umol/L).
No significant differences in the oxidized form of glutathione (GSSG) were found between
examined groups. The GSH/GSSG ratio was significantly increased in groups T2, T3 (by 1.46
and 1.61, respectively) in comparison with C (p <0.05). The MDA level in the jejunal mucosa
and in the blood was not significantly affected in any experimental groups. No significant dif-
ferences were observed for the antioxidant enzyme glutathione peroxidase (GPx).

Haematological parameters

All haematological parameters were within the physiological range, and no significant differ-
ences indicating a health problem were observed between groups. (Table 8).

Table 5. Liver and kidneys percentage (%) of body weight.

C
Liver (%) 2.01+0.13
Kidneys (%) 0.39+0.04

https://doi.org/10.1371/journal.pone.0259132.t005

Group
T1 T2 T3 p-value
2.23+0.19 2.03+0.13 1.91+0.32 0.122
0.40+0.06 0.40+0.04 0.36+0.06 0.385
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Table 6. Body weight of pigs” during experiment.

Time period (kg) Group
C T1 T2 T3 p-value
0 day 31.1+1.9 31.0+3.0 31.2+2.3 31.6+2.1 0.826
14 day 42.6+2.7 42.7+3.7 42.7£3.0 43.8+3.4 0.514
28 day 56.7+3.7 57.5%4.6 57.3£3.8 58.3+4.2 0.624
35 day 63.6+3.9 64.0+4.7 63.9£3.7 65.2+4.6 0.463

https://doi.org/10.1371/journal.pone.0259132.t006

Biochemical parameters

To assess health status and liver function, the selected enzymes’ activities were compared
between C group and treated groups (T1, T2 and T3). No significant differences were found in
all studied parameters; albumin, AST, GGT, CREA, Urea, GLUC and SDH (Table 9).

DON levels in urine

The average levels of unmetabolized free DON and total DON after enzymatic cleavage were
evaluated in the urine. No significant differences between C and T1, T2 and T3 were observed.
However, all treated groups showed a slightly decreased level of free and total DON compared
to C (Table 10).

Histopathological examination of small intestine and liver

Pathological changes were observed in all samples of animals in the experimental groups, with
various intensities. For histopathological evaluation of the intestine, the samples were taken
from the middle jejunum. The C group had predominantly marked lymphoplasmacytic
inflammatory infiltrate in the mucosa with abundant eosinophils; occasional macrophages;
focal hyperemia; and predominantly mild, moderately focal edema of lamina propria. Moder-
ate lymphoplasmacytic infiltrate, lymphangiectasia of some villi, shortening and fusion of
some villi, and submucosal edema have been observed (Fig 2A). The mean goblet cell count
was 31/HPF. In group T1 (Fig 2B), mostly moderate lymphoplasmacytic infiltrate in the lam-
ina propria of the mucosa was observed. Isolated, the abundant presence of eosinophils, mild,
diffuse, focal edema of the lamina propria, hyperemia, focal lymphangiectasia of some villi
were noted, and the mean goblet cell count was 37/HPF. Group T2 (Fig 2C) had predomi-
nantly marked lymphoplasmacytic inflammatory infiltrate in the mucosa, isolated, abundant
presence of eosinophils, mild to moderate edema of the lamina propria and submucosal layer.
There were abbreviated foci and villi fusions. The mean goblet cell count was 24/HPF. Group

Table 7. Antioxidant status parameters in blood (GSH, GSSG, GSH/GSSG, MDA, GPx) and jejunal mucosa (MDA).

Group

C T1 T2 T3 p-value
GSH (umol/L) 4.97+0.99 * 13.64+3.54"° 11.65+2.36 " 9.82+1.96 " 0.001
GSSG (umol/L) 9.99+4.36 11.46+3.85 9.04+3.24 7.38+4.38 0.512
GSH/GSSG 0.57+0.23 ° 1.25+0.53 * 1.4740.36 ® 1.62+0.69 ° 0.011
MDA intestine (nmol/mg) 45.7+3.4 46.3+2.2 48.3+4.9 47.3+1.9 0.242
MDA blood (nmol/mL) 4.35+0.54 4.33+0.74 3.90+0.61 3.52+0.83 0.394
GPx (pkat/L) 393+119 337474 38349 319446 0.484

> Means within a row lacking a common superscript differ (p < 0.05).

https://doi.org/10.1371/journal.pone.0259132.t007
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Table 8. Haematological parameters.

Group
C T1 T2 T3 p-value
Hemoglobin (g/L) 137+18 142+11 13714 131+6 0.476
Leukocytes (g/L) 12.83+4.88 11.03+5.50 10.73+4.55 14.65+6.87 0.779
Hematocrit (L/L) 0.36+0.04 0.37+0.02 0.37+0.03 0.37+0.01 0.532
Platelets (g/L) 438+80 455+55 429+63 422457 0.784
Erytrocytes (t/L) 6.15+0.64 6.36+0.27 6.20+0.69 6.12+0.21 0.456

https://doi.org/10.1371/journal.pone.0259132.t008

Table 9. Biochemical parameters.

T3 (Fig 2D) had predominantly moderate lymphoplasmacytic inflammatory infiltrate with
abundant eosinophils; hyperemia; mild, moderately focal lamina propria; and submucosal
edema. The mean goblet cell count was 43/HPF.

Histopathological evaluation of the liver showed focal hepatocyte necrosis and focal prolif-
eration of fibrovascular granulation tissue in the C group (Fig 3A). Significant focal dystrophic
changes consistent with granular and hydropic degeneration of hepatocytes with a different
distribution (multifocal) in the parenchyma were observed. Furthermore, moderate chronic
hepatitis was found. In the T1 group, moderately significant focal dystrophic changes consis-
tent with granular and hydropic degeneration of hepatocytes with different distribution in the
parenchyma were observed (Fig 3B). Group T2 showed only slightly dystrophic focal changes
in the form of granular and hydropic degeneration of hepatocytes with different distribution
in the parenchyma (Fig 3C). In both groups (T1, T2), there was no presence of inflammatory
reaction or necrotic changes found. The T3 group of pigs had mild dystrophic focal changes
consistent with granular and hydropic degeneration of hepatocytes with different distribution
in the parenchyma. In addition, smaller foci of nonspecific inflammatory response formed by
the round cell infiltrate were observed (Fig 3D). The cellular infiltrates consisted mainly of
lymphocytes and plasma cells.

4. Discussion

The main objective of the study was to evaluate the effectivity of purified and activated benton-
ite adsorbents enriched with phytoactive compounds and yeast cell walls on pigs” health status
and fattening performance under higher DON occurrence in feed. Three mycotoxin adsor-
bents (T1, T2 and T3) were tested and compared to the control group fed with contaminated
feed.

T1 group was supplemented with an adsorbent based on purified and activated bentonite.
However, bentonites have been reported to show weaker binding capacity for DON [39], as
they have demonstrated the ability to protect minks’ skin against DON effects [40]. In vitro

Group

C T1 T2 T3 p-value
Albumin (g/L) 29.8+2.8 30.2+3.1 26.2+3.1 30.4+2.7 0.948
AST (pkat/L) 0.89+0.32 0.58+0.04 0.63+0.27 0.57+0.18 0.355
GGT (pkat/L) 0.50£0.05 0.39£0.12 0.44+0.14 0.35+0.07 0.386
Creatinine (umol/L) 110+13 109+13 104+13 124+4 0.117
Urea (mmol/L) 4.79+1.60 3.52+0.89 4.90+1.60 5.02+1.10 0.221
Glucose (mmol/L) 4.68+0.45 4.83+0.68 4.56+0.36 4.94+0.46 0.689
SDH (nmol/L) 0.016+0.002 0.017+0.002 0.016+0.002 0.017+0.001 0.948

https://doi.org/10.1371/journal.pone.0259132.t009
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Table 10. Total and free DON levels in urine.

Group
C T1 T2 T3 p-value
Free DON (ng/mL) 38.5+28.6 28.2+8.9 25.6+13.4 30.4+12.8 0.051
Total DON (ng/mL) 44.4+31.0 37.9£19.6 32.8+£14.0 40.4+13.4 0.424

https://doi.org/10.1371/journal.pone.0259132.1010

investigation of activated bentonite and yeast cell walls extract on intestinal epithelial barrier
model showed that the yeast cell wall and bentonite clay prevented DON-induced disruption
of the porcine intestinal barrier; however, each dose of mycotoxin detoxifier itself did not affect
intestinal barrier disruption. Moreover, activated bentonite alone showed the ability to protect
model tissue against inflammatory response as well as positive modulation of chemokine
induction by MAPK signals in the highest doses (5%), whereas the best results were obtained
with the combination of yeast cell walls [41]. Another study showed similar anti-inflammatory
effect of activated clay minerals on the cellular level by regulation of MAPK signal pathway,
however in our study we have not observed any significant changes in pigs” growth promotion
[42].

T2 group was supplemented with an adsorbent containing purified and activated bentonite,
yeast derivatives, and phytogenic substances, which help the body to cope with some of the
toxic effects of DON [26]. Yeast walls are known to adsorb DON at varying levels[43]. Holand
et al,, studied the effect of postbiotic yeast cell on performance in weaned piglets. They found a
significant reduction in daily feed intake and average daily weight gain in piglets (feed mixture
contained 2000 pg/kg DON without adsorbents). Fortified yeast cell wall extract maintained
the performance of pigs during the tested period [44]. Similar studies have shown positive

Fig 2. Morpho-pathological analysis of the middle jejunum. A) C group, B) T1 group, C) T2 group, D) T3 group.
https://doi.org/10.1371/journal.pone.0259132.9002
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Fig 3. Morpho-pathological liver analysis. A) C group, B) T1 group, C) T2 group, D) T3 group.

https://doi.org/10.1371/journal.pone.0259132.9003

effects on pigs’ growth performance [44-46]. Yeasts are often combined with phytogenic sub-
stances in vivo to study the elimination effect of DON and other mycotoxins. The phytoactive
substances themselves are further studied in vitro, where their anti-inflammatory effect has
been demonstrated. However, no study has been reported across the literature to investigate
the effects of phytogenic agents on ADG and ADFI in vivo.

T3 group was supplemented with mycotoxin adsorbent based on purified, activated, and
sulphurated bentonite with phytogenic substances. In pig nutrition, it has been observed that
the enrichment of bentonites by sulphur compounds such as sodium metabisulfite or sodium
sulphite have shown positive ability to mitigate DON effects on pigs [47]. Tran, et al recently
published that sodium sulphite reduced DON level (5.36 mg/kg) from contaminated maize by
75%. Pigs were fed with preserved corn at the concentration of 5g sodium sulphide/1 kg of
maize. Although treatment of corn decreased levels of DON, the health parameters of the pigs
did not consistently reflect this decreased exposure [48]. In the subsequent experiment Tran,
et al proved that sodium sulphite did not affect liver function, redox status and blood cell
counts [49]. In another study, sodium sulphite (5 g/kg with 15% of propionic acid) helped to
maintain feed intake and growth performance of pigs after DON exposure in feed (44.45 mg/
kg maize) [21]. The main disadvantage of sodium sulphite usage might be less efficiency to
zearalenone elimination. Similarly perspective results have been obtained by sodium metabi-
sulfite in vivo and in vitro [17,47,50].

In our study, DON concentration in contaminated feed mixture was 5 mg/kg of dry matter,
which is the concentration that occurs very frequently in feed contaminated by moulds [51].
Other mycotoxins included in the diet did not exceed the established limits [52]. It has been
described that this concentration causes a decrease in growth and performance, especially in
young pigs, which was not significantly reflected in our experiment. In this context, Nguyen-
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Ba noted that the age and weight of pigs could affect perturbation and resilience on DON in
feed mixture [53]. Our results are consistent with the study published by Liao et al. They did
not observe significant differences of ADG and ADFI of pigs (initial body weight = 16.3+ 1.5
kg) between control group and treated group by DON at the doses 3 and 6 mg/kg [54]. How-
ever, significant differences between control and treated group of ADG and ADFI of 6- week-
old growing pigs with an initial average BW of ~19 kg under DON challenge have been con-
firmed in growing pigs which are more sensitive to DON exposure [55].

It has been observed that DON exposure could affect hematologic results and the antioxi-
dant status of pigs. The proposed mechanism of action is via activation of several mitogen-acti-
vated protein kinases (MAPKs) responsible for cell apoptosis, inflammatory response and
oxidative stress [56]. However, we did not observe any significant changes in the hematologic
profile of treated (T1, T2 and T3 groups) or untreated (C group) pigs. According to some stud-
ies, the main cellular targets of DON are leukocytes [57]. Surprisingly, no significant differ-
ences in leukocyte counts have been found in our study. Regarding the antioxidant status of
pig’s organisms, significant increases in GSH concentration and GSH/GSSG ratio were
observed in treated groups compared to control. Similar to our results, in the study by Thanh
etal,, DON in feed mixture (at a dose of 3100 pg/kg) did not affect growth performance, aver-
age daily gain, average daily feed intake, nor feed efficiency. However, they found partially
induced oxidative stress in weaned pigs resulting in increased MDA content in the plasma and
superoxide dismutase (SOD) activity in the liver. Nonetheless, no change in the activity of
other antioxidant enzymes or GSH concentrations was observed in plasma and livers of piglets
fed the DON contaminated diet [58]. Other studies also document increased oxidative stress
(higher MDA production and reduced GSH content) in connection with the occurrence of
mycotoxins in the body [59-61].

Animal studies demonstrated that exposure to DON could be measured in urine. Experi-
mental evidence indicated unmetabolized DON, and its conjugates with glucuronic acid
(15-glucuronide, DON 3-glucuronide) and glucuronidation products in urine samples in pigs
[62-65]. In our study, the highest level of free and total DON was observed in the C group
when compared to T1, T2, and T3 groups. Determined C group DON levels agree with the
findings of other studies, in which the DON level was observed in similar levels (30 ng/mg
creatinin) of total DON in pig s urine. Daily intake was 116.84 +217 pg/kg [62,66]. However,
levels of DON in the urine change dynamically based on water and feed intake. Therefore, lon-
ger-term monitoring would demonstrate greater changes in treatment efficacy in further
experiments.

Some studies investigating DON effects on organisms have reported histopathological
changes of the gastrointestinal tract such as inflammatory infiltration, necrotic changes in the
intestinal villi, edema of lamina propria, a decrease in the number of goblet cells in the jejunum
and the ileum, intensification of apoptosis and degeneration of lymphoid cells in the gastroin-
testinal tract [67,68]. Considering the findings of inflammation of the intestinal mucosa with
the presence of eosinophils, it should be stated that a non-specific inflammatory reaction did
occur, probably arising as a result of an exaggerated reaction of the immune system. We have
noticed that more significant morphopathological changes in the small intestine, such as focal
necrosis, were observed. Apparently, the dose of DON has a direct effect on the morphological
formation of the intestinal mucosa. These findings were partially reversed by the test sub-
stances in the treated groups (T1, T2, T3). In comparison to another study, epithelial lesions
(multifocal atrophy, villi fusion, apical villi necrosis, enterocyte vacuolation, and lamina pro-
pria edema) have also been found in the intestines of pigs fed with DON contaminated diets
[69]. In our experiment, similar morphopathological changes were detected in the C group
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and, to a lesser extent, in the T'1 and T2 groups. Furthermore, similar to our study, a reduced
height of villi in the small intestine was observed [45,70].

The liver, the main detoxifying organ, is strongly exposed to toxic and foreign substances.
In our study, the most considerable morphological changes of liver influenced by treatment
(T1, T2 and T3 groups) were observed compared to C group. C group showed, in addition to
degenerative changes in the liver parenchyma, the presence of necrotic deposits, inflammatory
reactions and a reparative process in the localization of these lesions. The occurrence of regres-
sive lesions in the liver, i.e., parenchymatous and vacuolar degeneration of individual hepato-
cytes was confirmed by detailed histopathological study after DON administration to pigs at
the dose ranged from 0.2 to 0.4 mg/kg/BW per day [71]. Similar damage has been observed in
another study at the doses of DON 12 pg/kg BW per day [72]. Only reversible dystrophic
changes of hepatocytes (mild to moderate intensity) were detected in all treated groups. How-
ever, no necrotic foci, fibrovascular tissue proliferation, or marked foci of inflammatory
response were found in treated groups T1, T2 and T3. Detected pathomorphological changes
in liver parenchyma of experimental groups refer to preventive effect of tested adsorbents in
relation to development of hepatocytes necrosis and marked inflammatory reaction in paren-
chyma. Persisting dystrophic changes of hepatocytes in experimental groups is a reversible
process.

5. Conclusions

This study set out to determine the influence of three groups of mycotoxin adsorbents based
on purified and activated bentonites and/or sulphurated or with the addition of yeast cell deri-
vates, phytoactive compounds a on pig health status and performance under deoxynivalenol
challenge. In our study, we did not observe significant changes of pigs’ growth performance
within either haematological and biochemical parameters. Slightly upward trends have been
observed in GSH level and GSH/GSSG ratio in the treated groups compared to C group. The
most visible changes were observed between C and treated groups in histopathological exami-
nation, which showed that the combination of activated, sulphonated bentonites, yeast extract
and phytoactive compounds had a protective and improving effect at the tissue level.
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