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Sung Woo Kim, Débora Muratori Holanda, Xin Gao, Inkyung Park 
and Alexandros Yiannikouris

Efficacy of a Yeast Cell Wall Extract to Mitigate the Effect of Naturally Co-Occurring Mycotoxins 
Contaminating Feed Ingredients Fed to Young Pigs: Impact on Gut Health, Microbiome, 
and Growth
Reprinted from: Toxins 2019, 11, 633, doi:10.3390/toxins11110633 . . . . . . . . . . . . . . . . . . 49

Roua Rejeb, Gunther Antonissen, Marthe De Boevre, Christ’l Detavernier, Mario Van de

Velde, Sarah De Saeger, Richard Ducatelle, Madiha Hadj Ayed and Achraf Ghorbal

Calcination Enhances the Aflatoxin and Zearalenone Binding Efficiency of a Tunisian Clay
Reprinted from: Toxins 2019, 11, 602, doi:10.3390/toxins11100602 . . . . . . . . . . . . . . . . . . 79

Mariana Paiva Rodrigues, Andrea Luciana Astoreca, Águida Aparecida de Oliveira,
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Preface to ”Mycotoxin Contamination Management

Tools and Efficient Strategies in Feed Industry”

Mycotoxins represent a significant issue for the feed industry and the safety of the feed supply

chain, with an impact on human health, animal health and production, economies, and international

trade. Notifications on the Rapid Alert System for Food and Feed (RASFF) concerning mycotoxins

are among the “top 10” hazard categories, with risk decision categorized as “serious”. Mycotoxin

contamination of feed is a recurring problem in the livestock feed industry in an increasingly

competitive marketplace. The globalization of the trade in agricultural commodities and the lack

of legislative harmonization have contributed significantly to the discussion about the awareness

of mycotoxins entering the feed/food supply chain. The feed industry is a sustainable outlet

for food processing industries, converting byproducts into high-quality animal feed. Mycotoxin

occurrence in food byproducts from different technological processes is a worldwide topic of interest

for the feed industry, aiming to increase the marketability and acceptance of these products as

feed ingredients and include them safely in the feed supply chain. Since mycotoxin contamination

cannot be completely prevented pre- or post-harvest, precise knowledge of mycotoxin occurrence

and repartitioning during technological processes and decontamination strategies is critical and may

provide a sound technical basis for feed managers to conform to legislation requirements and reduce

the risk of severe adverse health, market, and trade repercussions.

This Special Issue highlights research topics with a high impact for a sustainable and competitive

feed industry that focus on new tools for monitoring and managing the risk of mycotoxins at

industrial level and strategies to prevent and reduce mycotoxins in compound feed manufacturing.

The editor wishes to thank the contributors, reviewers, and the support of the Toxins editorial

staff, whose professionalism and dedication have made this issue possible.

Federica Cheli

Editor
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Mycotoxins represent a risk to the feed supply chain with an impact on animal health, feed industry,
economy, and international trade. A high percentage of feed samples have been reported to be
contaminated with more than one mycotoxin. Multi-mycotoxin contamination is a topic of great concern,
as co-contaminated samples might still exert adverse effects on animals due to additive/synergistic
interactions of the mycotoxins. Since mycotoxin contamination cannot be completely prevented pre-
or post-harvest, precise knowledge of mycotoxin occurrence, repartitioning during technological
processes and decontamination strategies are critical and may provide a sound technical basis for
feed managers to conform to legislation requirements and reduce the risk of severe adverse health,
market and trade repercussions.

Castaldo et al. [1] developed and validated a quantitative method, using an acetonitrile-based
extraction and an ultra-high-performance liquid chromatography coupled to high-resolution mass
spectrometry (UHPLC-Q-Orbitrap HRMS), for a multi-mycotoxin screening of 28 mycotoxins and
identification of other 45 fungal and bacterial metabolites in dry pet food samples. Results showed
mycotoxin contamination in 99% of pet food samples and all positive samples showed co-occurrence
of mycotoxins with the simultaneous presence of up to 16 analytes per sample.

Strategies must be developed for mycotoxin reduction in feedstuffs. Čolović et al. [2] reviewed the
most recent findings on different processes and strategies for the reduction of toxicity of mycotoxins in
animals giving detailed information about the decontamination approaches to mitigate mycotoxin
contamination of feedstuffs and compound feed, which could be implemented in practice. Authors
conclude that there is increasing business interest in the use of feed additives to avoid mycotoxin
absorption and the toxic impacts on farm animals. The efficacy of the additives for the distinct
mycotoxins and livestock is a critical point and must be proved. It is recommended that cell lines or
in vitro models be used in the simulation instead of living experimental animals. In this scenario, a group
of papers deals with in vitro models for assessing mycotoxin toxicity and risk mitigation strategies.
Xu et al. [3] reviewed different in vitro intestinal epithelial cells (IECs) or co-culture models that can
be used for assessing mycotoxin exposure, toxicity, and risk mitigation. Since ingestion is the most
common route of mycotoxin exposure, the intestinal epithelial barrier, comprised of IECs and immune
cells such as macrophages, represents ground zero where mycotoxins are absorbed, biotransformed,
and elicit toxicity. Several articles investigated the efficacy of feed additives as multi-mycotoxin
adsorbent by using in vitro gastro-intestinal models. Adunphatcharaphon et al. [4] characterised
and analysed acid-treated durian peel (ATDP), an agricultural waste, for simultaneous adsorption of
mycotoxins. Results indicated the potential of ATDP as a multi-mycotoxin biosorbent for aflatoxin
B1 (AFB1), ochratoxin A (OTA), zearalenone (ZEN), and fumonisin B1 (FB1), but negligible towards
deoxynivalenol (DON). Kolawole et al. [5] carried out a study to assess the efficacy of commercially
available feed additives with multi-mycotoxin-binding claims. Their capacity to simultaneously adsorb
DON, ZEN, FB1, OTA, AFB1, and T-2 toxin was assessed and compared using an in vitro model

Toxins 2020, 12, 480; doi:10.3390/toxins12080480 www.mdpi.com/journal/toxins1
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designed to simulate the gastrointestinal tract of a monogastric animal. Results showed that only
one product (a modified yeast cell wall) effectively adsorbed more than 50% of DON, ZEN, FB1,
OTA, T-2 and AFB1. The remaining products were able to moderately bind AFB1 but had less, or
in some cases, no effect on ZEN, FB1, OTA and T-2 binding. Rejeb et al. [6] characterized a Tunisian
clay, before and after calcination, and investigated the effectiveness of the thermal treatment on the
adsorption capacity toward AFG1, AFB2, AFG2, and ZEN using an in vitro gastro-intestinal model.
The calcination treatment enhanced mainly the adsorption of aflatoxins. Overall results confirm
that mycotoxin binders must undergo rigorous trials under the conditions which best mimic the
gastrointestinal environment that they must be active in. Claims on the binding efficiency should only
be made when such data has been generated.

A few papers reported results of in vivo studies. Kim et al. [7] evaluated yeast cell wall extract
efficacy to reduce multi-mycotoxin (AFs, FUM, and DON) toxicity in pigs and improve performance
and gut health in pigs. The yeast cell wall extract effects were more evident in promoting gut
health and growth in nursery pigs, which showed higher susceptibility to mycotoxin effects, than in
growing pigs. Ogunade et al. [8] applied a targeted metabolomics approach to evaluate the effects of
supplementing clay with or without Saccharomyces cerevisiae fermentation product on the metabolic
status of dairy cows challenged with AFB1. Blood was analysed for metabolomic analysis. The study
confirmed the protective effects of sequestering agents in dairy cows challenged with AFB1. Moreover,
the combination of arginine, alanine, methylhistidine, and citrulline were found to be excellent
potential biomarkers of aflatoxin ingestion in dairy cows fed no sequestering agents. The evaluation
of mycotoxin biomarker could be an interesting tool for assessing animal exposure to mycotoxin in
feed. Gambacorta et al. [9] measured the urinary mycotoxin and mycotoxin biomarker concentrations
to assess pig exposure to mycotoxins in Sweden. They found regional differences that were in good
agreement with the occurrence of Fusarium graminearum mycotoxins in cereal grains harvested in
Sweden. From a safety and risk management perspective, the back-calculated levels of mycotoxins in
feeds were low with the exception of a few samples that were higher than the European limits.

Paiva Rodrigues at al. [10] carried out an in vitro study to contribute to the knowledge to develop
effective anti-mycotoxigenic natural products for reduction of mycotoxigenic fungi and mycotoxins
in foods. Authors evaluated the effects of different concentrations of neem oil on the percentage of
growth inhibition of six Aspergillus carbonarius strains and OTA production. Results indicated that
neem essential oil can be considered as an auxiliary method for the reduction of mycelial growth and
OTA production.

One paper deals with an important topic: insects as suitable alternative feed for livestock
production. Insects have the ability to grow on a different spectrum of substrates, which could be
naturally contaminated by mycotoxins. Studies on insect safety as feed ingredients are mandatory for
the feed industry. Leni et al. [11] evaluated the mycotoxin uptake and/or excretion in two different
insect species, Alphitobius diaperinus (Lesser Mealworm, LM) and Hermetia illucens (Black Soldier Fly,
BSF), grown on naturally contaminated wheat and/or corn substrates (DON, FB1, FB2, and ZEN).
No mycotoxins were detected in BSF larvae, while quantifiable amount of DON and FB1 was found in
LM larvae. Mass balance calculations indicated that BSF and LM metabolized mycotoxins in forms not
yet known, accumulating them in their body or excreting in the faeces. Results indicate that further
studies are required in this direction due to the future employment of insects as feedstuff.

Acknowledgments: We express our gratitude to all contributing authors and reviewers.
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Abstract: Durian peel (DP) is an agricultural waste that is widely used in dyes and for organic and
inorganic pollutant adsorption. In this study, durian peel was acid-treated to enhance its mycotoxin
adsorption efficacy. The acid-treated durian peel (ATDP) was assessed for simultaneous adsorption of
aflatoxin B1 (AFB1), ochratoxin A (OTA), zearalenone (ZEA), deoxynivalenol (DON), and fumonisin
B1 (FB1). The structure of the ATDP was also characterized by SEM–EDS, FT–IR, a zetasizer, and a
surface-area analyzer. The results indicated that ATDP exhibited the highest mycotoxin adsorption
towards AFB1 (98.4%), ZEA (98.4%), and OTA (97.3%), followed by FB1 (86.1%) and DON (2.0%).
The pH significantly affected OTA and FB1 adsorption, whereas AFB1 and ZEA adsorption was
not affected. Toxin adsorption by ATDP was dose-dependent and increased exponentially as the
ATDP dosage increased. The maximum adsorption capacity (Qmax), determined at pH 3 and pH
7, was 40.7 and 41.6 mmol kg−1 for AFB1, 15.4 and 17.3 mmol kg−1 for ZEA, 46.6 and 0.6 mmol
kg−1 for OTA, and 28.9 and 0.1 mmol kg−1 for FB1, respectively. Interestingly, ATDP reduced the
bioaccessibility of these mycotoxins after gastrointestinal digestion using an in vitro, validated, static
model. The ATDP showed a more porous structure, with a larger surface area and a surface charge
modification. These structural changes following acid treatment may explain the higher efficacy of
ATDP in adsorbing mycotoxins. Hence, ATDP can be considered as a promising waste material for
mycotoxin biosorption.

Keywords: mycotoxins; durian peel; agricultural by-products; biosorption; gastrointestinal digestion
model; decontamination; equilibrium isotherms

Key Contribution: Acid treatment of durian peel changes the morphological structure of its surface
and enhances mycotoxin adsorption efficacy. Acid-treated durian peel is a promising waste material
for mycotoxin decontamination.

1. Introduction

Mycotoxins are fungi-derived metabolites capable of causing a dverse effects to both humans
and animals. They are produced by toxigenic fungi, including Aspergillus, Penicillium, Alternaria, and
Fusarium species, under specific temperature and humidity conditions [1–4]. The main mycotoxins
occurring in food and feedstuffs are aflatoxins, ochratoxins, zearalenone, deoxynivalenol, and

Toxins 2020, 12, 108; doi:10.3390/toxins12020108 www.mdpi.com/journal/toxins5
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fumonisins [4,5]. Contamination by mycotoxins is common in primary agricultural commodities
such as maize, rice, wheat, cereal products, meat, and dried fruits [5–8]. Multi-mycotoxin
contamination of food and feedstuffs depends on environmental conditions and type of substrate [9].
A multi-mycotoxin-contaminated diet may induce acute mycotoxicosis with several chronic adverse
effects, being mutagenic, carcinogenic, teratogenic, estrogenic, and immunosuppressive [10].
The combined consumption of different mycotoxins may produce synergistic toxic effects [9,11].
Mycotoxin consumption by livestock leads to economic losses for the feed industry and in international
trade [12]. Since mycotoxin contamination cannot be completely prevented in pre-harvesting or
post-harvesting, it is very difficult to avoid in agricultural commodities [5]. Decontamination strategies
therefore play an important role in helping to reduce exposure to mycotoxin-contaminated feed.
Strategies that have been developed for mycotoxin reduction in feedstuffs include physical, chemical,
and biological methods. However, most have considerable limitations in practical applications [13].
The addition of mycotoxin binders (including activated charcoal, aluminosilicates, and agricultural
wastes) to contaminated feed is an innovative and safe approach to counteracting the harmful effects
of mycotoxins to livestock [12,14–17]. Mycotoxin adsorbents have several disadvantages, including
the adsorption of essential nutrients and trace elements, as well as a rather narrow spectrum of action
towards the pool of mycotoxins frequently found in feedstuffs. Therefore, it is very important to
find new low-cost and biosustainable mycotoxin adsorbents that are able to simultaneously bind
the main mycotoxins of zootechnical interest. Recently, the use of agricultural wastes as mycotoxin
biosorbents has been investigated since they have a porous structure and contain a variety of functional
groups, including carboxyl and hydroxyl groups, which may be involved in the binding mechanisms
of mycotoxins [18,19]. In a recent study, [16] compared the ability of different agricultural by-products
to adsorb mycotoxins from liquid media using the isotherm adsorption approach. Grape pomaces,
artichoke wastes, and almond hulls were selected as the best mycotoxin biosorbents, being effective in
adsorbing AFB1, ZEA, and OTA. Taking into account these findings, the present study evaluates the
efficacy of durian peel waste as an additive for mycotoxin decontamination of feed. Durian Monthong
(Durio zibthinus) is a popular fruit in Thailand and has many consumers. A large amount of durian
peel is thrown away, resulting in social and environmental problems linked to waste disposal. As
durian peel contains cellulose (47.2%), hemicellulose (9.63%), lignin (9.89%), and ash (4.20%), it has
been extensively studied as a fuel and adsorbent of pollutants and heavy metals [20–23]. To the best of
our knowledge, no research has reported reporting the use of durian peel as a multi-mycotoxin binder.
The aim of this study is to assess the efficacy of durian peel as a binder, both untreated and acid-treated,
in adsorbing the mycotoxins of major concern (aflatoxins, ochratoxins, zearalenone, deoxynivalenol,
and fumonisins). The equilibrium isotherm approach was used to study mycotoxin reduction in
liquid media at physiological pH values. In addition, the efficacy of these agricultural by-products in
reducing mycotoxin bioaccessibility was assessed using a static, validated gastrointestinal model.

2. Results and Discussion

2.1. Characterization of Durian Peel

The surface morphology and elementary composition of DP and ATDP were determined using
SEM–EDS. SEM images showed that acid treatment of DP had the effect of modifying its surface
(Figure 1). More cavities were recorded on the surface of ATDP than DP. The study of Lazim et al. [22]
reported more pores on a DP surface after treatment with sulfuric acid, providing a higher capacity in
the removal of bisphenol A. These findings suggest that a change in the morphological structure of the
DP surface following acid treatment may affect mycotoxin adsorption.
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Figure 1. SEM images of durian peel (DP) and acid-treated durian peel (ATDP) at 900× and
1500×magnification. (A,B): DP and ATDP at 900×; (C,D): DP and ATDP at 1500×.

EDS spectra analysis showed that C and O constitute the major elements of the materials, with
C as the dominant component (data not shown). These results are in accordance with the study of
Charoenvai [21], which classified the major components of DP as cellulose (47%), hemicellulose (10%),
lignin (10%), and ash (4%). Acid treatment affects the elemental composition of the DP surface, thus
increasing the proportion of C. The functional groups present on the DP and ATDP surfaces were
identified by FTIR (Figure 2). The FTIR spectra of DP obtained were similar to those reported by Lazim
et al. [19]. A first intense spectrum band was observed at 3330 cm−1, corresponding to O–H stretching
vibrations and H bonding of cellulose, pectin, and lignin, which are the major fiber components of fruit
peel [24,25]. A second peak was observed at 2917 cm−1, corresponding to C–H stretching vibrations
of the methyl or methylene groups. Interestingly, no peak vibrations were found in the range at
2800–2300 cm−1, which represent N–H or C=O stretching vibrations of the amine and ketone functional
groups. The peak at 1730 cm−1 corresponded to C=O stretching vibrations of the carbonyl group, while
the peaks at 1622 cm−1 were related to the amide band (-CONH2). Peaks in the range 1500–1200 cm−1

were assigned to strong asymmetric carboxylic groups, methyl groups (bending vibration), aromatic
amines, and C–O stretching vibrations of carboxylic acids [25]. Interestingly, a shift in all peak vibrations
was observed in the FTIR spectra of ATDP and DP. In addition, ATDP produced no peaks in the range
1450–1250 cm−1. This suggests that modification by acid treatment affected the amine and methyl
groups in the DP structure, resulting in a change in adsorption features. Ngabura et al. [25] observed
that acidic groups, carboxyl, hydroxyl, and amides are involved in biosorption by DP. Zeta potential
values for ATDP and DP differed substantially, with ATDP higher than DP. At pH 3, these values
were −23.20 mV for ATDP and −2.55 mV for DP. This difference in zeta potential can be explained by
modification of the DP structure, induced by acid treatment. In a previous study [25], acid treatment of
DP affected the physical properties of the material. In our study, ATDP had greater BET pore volumes,
pore diameters, and surface area (Table 1). These physical properties create greater adsorption at
the surfaces. Ngabura et al. [25] found that hydrochloric acid-modified DP (HAMDP) had a more
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porous structure with a larger surface area than the pristine peel. The BET surface area is negatively
correlated with the nanoparticle size, and the nanoparticle size of ATDP was 21-fold less than that of
DP (Table 1). The same ratio was observed when comparing the surface areas of the ATDP and DP,
with the surface area of ATDP being 21-fold higher than that of DP. This structural modification of the
adsorbing surface following acid treatment was confirmed by the SEM–EDS images, which showed a
more porous surface on the ATDP. The physico-chemical characterization suggested that the materials
have different characteristics and are expected to differently in mycotoxin adsorption.

A

B  

Figure 2. FT-IR spectra of DP (A) and ATDP (B).

Table 1. BET single point method surface area analysis of DP and ATDP.

Adsorbent Nanoparticle (nm)
Pore Volume

(cm3/g)
Pore Diameter

(nm)
Surface Area

(m2/g)

DP 3032.45 0.004 7.22 1.98
ATDP 142.95 0.162 15.46 41.97

2.2. Screening of DP and ATDP as Multi-Mycotoxin Adsorbing Agents

DP and ATDP at 5 mg/mL dosage (0.5% w/v) were preliminarily tested for their ability to bind the
mixture of five mycotoxins. Adsorption experiments were performed at a constant temperature of
37 ◦C and media of pH 3 and 7, using 1 mM citrate or 100 mM phosphate buffer. To measure mycotoxin
adsorption by ATDP at pH 7, a 100-fold concentrated phosphate buffer was required since the ATDP
suspension acidified the 1 mM phosphate buffer. As shown in Table 2, adsorption by DP and ATDP
depended on the type of mycotoxin and pH of the medium. Maximum mycotoxin adsorption by DP
was 53% for ZEA (pH 3), 46% for AFB1 (pH 3), and 18% for OTA (pH 3). AFB1 and ZEA adsorption
was not affected by pH. OTA adsorption occurred mainly at pH 3, while FB1 and DON adsorption
was negligible (≤2%). Interestingly, treatment with sulfuric acid significantly increased adsorption of
most mycotoxins assayed in the study. The ATDP reduced AFB1 and ZEA by more than 98% in media
at pH 3 and 7. OTA adsorption by ATDP at pH 3 and 7 was significantly higher than adsorption by
DP, being 97% at acid pH and 42% at neutral pH. Acid treatment of DP also increased FB1 adsorption,
but at acidic pH only. At pH 3, FB1 adsorption was 86%, while no adsorption was observed at pH 7.
Acid treatment did not improve DON adsorption, which in all cases was less than 13%. As previously
reported [19], treatment of DP with sulfuric acid modified the physico-chemical properties of the DP
adsorption surface, increasing the binding sites available for mycotoxin adsorption.

8
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Table 2. Mycotoxin adsorptions by DP and ATDP tested at different pH values (7 and 3) and at 5 mg/mL
of dosage towards a multi-mycotoxin solution containing 1 μg/mL of each toxin. Values are means of
triplicate experiments ± standard deviations.

Toxin
DP ATDP

pH 3 pH 7 pH 3 pH 7

AFB1 46 ± 4 37 ± 2 98.4 ± 0.1 98.4 ± 0.1
ZEA 53 ± 2 52 ± 4 98.4 ± 0.4 99.6 ± 0.2
OTA 18 ± 1 0.7 ± 0.6 97.3 ± 0.1 42.2 ± 0.2
FB1 0 2.3 ± 0.7 86 ± 3 0

DON 0 2 ± 1 2.0 ± 0.8 13 ± 2

2.3. Effect of Medium pH on Mycotoxin Adsorption and Desorption

Medium pH is an important parameter that affects the binding of mycotoxins by adsorbent
materials, by affecting both the charge distribution on the surface of the adsorbents and the degree of
ionization of the adsorbates. This is more important for adsorption processes in which electrostatic
interactions are involved. An effective multi-mycotoxin adsorbent should sequester a large spectrum
of mycotoxins with high efficacy, regardless of the medium pH, and should keep these contaminants
bound along the compartments of a GI tract, where pH values ranging from 1.5–7.5 can be encountered.
The results for pH (Figure 3) confirmed that AFB1 and ZEA adsorption by ATDP was stable within the
GI tract of monogastric animals since 100% of the toxins were adsorbed at pH values ranging from
3 to 9. A desorption study was performed to assess whether a change of pH caused a release of the
sequestered toxins. Mycotoxins were first adsorbed onto ATDP at pH 3, and then the pellet containing
the adsorbed mycotoxins was washed first with a buffer at pH 7 and then with methanol. Washing
solutions were analyzed for mycotoxin release. As shown in Table 3, AFB1 and ZEA adsorption was
100% at pH 3. No release was observed in the pH range from 3 to 7. The organic solvent (methanol)
extracted 34% of the AFB1 and 85% of the ZEA, suggesting stronger binding of AFB1 by ATDP than
by ZEA. OTA or FB1 adsorption and pH were inversely correlated. The adsorption efficacy of ATDP
decreased as the pH increased (Figure 3). As OTA and FB1 hold acid groups in their structure, the pH
of the medium is expected to affect the extent of mycotoxin adsorption [26]. OTA adsorption decreased
from 97% to 28% as the pH was increased from 3 to 9. Similarly, FB1 was adsorbed mainly at pH 3,
falling to 5% at pH above 6. However, despite the strong pH effect observed for OTA and FB1, ATDP
was effective in retaining the adsorbed fractions after the medium pH was changed from 3 to 7 (Table 3).
The organic solvent extracted half of the adsorbed OTA, while FB1 was poorly desorbed (7%). Overall,
our study suggests that ATDP is highly efficacious in retaining FB1, AFB1, and OTA when a strong
solvent is used. DP is an agricultural waste fiber. In addition to cellulose, hemicellulose, and lignin, it
contains phenolic compounds with important biological properties [21]. The specific combination of
these chemical components, and the increased adsorption surface obtained by acid treatment, explains
the mycotoxin adsorption properties of ATDP.

Table 3. Mycotoxin adsorption and desorption from ATDP. Values are means ± standard deviations of
triplicate independent experiments.

Toxin Adsorption (%) Desorption (%)

pH 3 pH 7 Methanol

AFB1 100 0 34 ± 3
ZEA 98.9 ± 0.4 0.8 ± 0.2 85 ± 4
OTA 99.0 ± 0.3 2.0 ± 0.5 48 ± 3
FB1 91 ± 3 1.6 ± 0.3 6.5 ± 0.5
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pH 3

pH 4

pH 5

pH 6

pH 7

pH 8

pH 9

Figure 3. Effect of pH on AFB1, ZEA, OTA, and FB1 adsorption by ATDP tested at 5 mg/mL
dosage towards a multi-mycotoxin solution containing 1 μg/mL of each toxin. Values are means of
triplicate experiments.

2.4. Effect of ATDP Dosage

The effect of ATDP dosage on mycotoxin adsorption was investigated using equilibrium adsorption
isotherms. The goal was to calculate the optimal adsorbent dosage for further adsorption tests and to
compare the efficacy of ATDP in simultaneously binding different mycotoxins. As shown in Figure 4,
AFB1, ZEA, and OTA removal from a neutral medium increased as the dosage increased. Experimental
values adsorption onto ATDP were in the ranges of 48–100% for AFB1, 31–100% for ZEA, and 0–69% for
OTA. No significant FB1 adsorption was observed at pH 7. The adsorption plots for all toxins showed
a characteristic L-shape (Figure 4) and were well fitted by the Langmuir model (R2 > 0.99). This model
allowed calculation of both the theoretically estimated maximum adsorption Adsmax and the C50,
which is the theoretically-estimated adsorbent dosage to achieve a 50% reduction of the absorbable
toxin [26]. Predicted Adsmax values were 101 ± 1% for AFB1, 104 ± 1% for ZEA, and 103 ± 1% for OTA
(Table 4). Additionally, C50 values listed in Table 4 suggest a higher efficacy of ATDP adsorption of
AFB1 and ZEA than of OTA. It should not therefore be useful to increase the dosage of ATDP beyond
6 mg/mL when sequestering AFB1, ZEA, and OTA from a 1 μg/mL solution (Table 4). In the following
equilibrium isotherm studies, the optimal adsorbent dosages were fixed in the range of 0.5 to 5 mg/mL
depending on the toxin.

2.5. Equilibrium Adsorption Isotherm

Isotherms are an effective approach to the study of surface adsorption mechanisms, surface
properties, and an adsorbent affinity [16]. Nonlinear regression was used to assess the goodness
of fit and to calculate the parameters involved in the adsorption mechanism (Adsmax, KL). The
mathematical models, including the Freundlich, Langmuir, and Sips equations, were used to predict
the amount of AFB1, ZEA, OTA, and FB1 adsorbed by ATDP. The model that met regression analysis
requirements (homogeneity of variance and normality assumptions), providing a lower statistical
error, was used to fit the experimental data (Table 5). The amount of AFB1, ZEA, OTA, and FB1

adsorbed per unit mass of ATDP increased gradually as the mycotoxin concentration in the working
solution increased. Isotherms showed an exponential relationship and a typical L (Langmuir) shape.
In all cases, regardless of medium pH, the Langmuir model was found to best fit the experimental
adsorption data. This model assumes that adsorption occurs at definite localized sites, which are
identical and equivalent [27]. This implies that the adsorption of AFB1, ZEA, OTA, and FB1 by ATDP
is homogeneous. As shown in Table 5, AFB1 adsorption by ATDP produced isotherms showing
similar Adsmax values at pH 3 and 7. However, affinity was affected by the pH of the medium. The
KL Langmuir constant, which is related to adsorbent affinity, was 2.5-fold higher at pH 7 than pH 3
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(Table 5). The increase of pH from 3 to 7 induced an increase in the KL value from 0.4 ± 0.1 L/mg
(125 000 ± 31.250 L/mol) to 1.0 ± 0.1 L/mg (312.500 ± 31 250 L/mol). This resulted in an increase in
AFB1 adsorption affinity. Experimental values for AFB1 adsorption in percent varied in the ranges
of 50–84% at pH 3 and 76–100% at pH 7. The predicted values for maximum adsorption capacity
were 12.7 ± 0.9 μg/mg (40.7 ± 2.9 mmol/kg) at pH 3 and 13.0 ± 0.4 μg/mg (41.6 ± 1.3 mmol/kg) at
pH 7 (Table 5). These values were in agreement with experimental results obtained at both pH values
and were consistent with previous reports that AFB1 adsorption by agricultural by-products is not
dependent on medium pH [16,26]. Compared with previous studies of agricultural by-products,
ATDP showed higher AFB1 adsorption. The Langmuir isotherm was also found to be the best model
when studying ZEA adsorption by ATDP (Figure 5 and Table 5). ZEA adsorption was not affected
by the change in medium pH from 3 and 7). The experimental values for ZEA adsorption ranged
from 70% to 86% at pH 3 and 54% to 100% at pH 7. The predicted maximum adsorption capacity
was 5.5 ± 0.3 μg/mg (17.3 ± 0.9 mmol/kg) at pH 3 and 4.9 ± 0.3 μg/mg (15.4 ± 0.9 mmol/kg) at pH 7.
The Langmuir KL parameters were 2.2 ± 0.2 L/mg (700.637 ± 63.694 L/mol) at pH3 and 2.9 ± 0.6 L/mg
(923.567 ± 191.082 L/mol) at pH 7. ZEA is a resorcyclic acid lactone and a hydrophobic compound [28].
It is a weak acid due to the presence of the diphenolic moiety and has a pKa of 7.62 [28]. At the pH
values considered in this study (pH ≤ 7), it should be in protonated, nonionic form. ZEA adsorption by
ATDP may involve hydrophobic interactions occurring at homogeneous adsorption sites with similar
energy, as suggested by the Langmuir KL parameter values. Unlike AFB1 and ZEA adsorption, OTA
adsorption by ATDP was widely affected by pH. The experimental values for OTA adsorption were
47–96% at pH 3 and 46–65% at pH 7. Maximum adsorption capacities calculated at pH 3 and 7 were
18.8 ± 1.5 μg/mg (46.6 ± 3.7 mmol/kg) and 0.26 ± 0.02 μg/mg (0.64 ± 0.05 mmol/kg), respectively. KL

Langmuir values calculated were 1.90± 0.21 L/mg (766.129± 84.677 L/mol) at pH 3 and 1.30 ± 0.12 L/mg
(524.193 ± 48.387 L/mol) at pH 7. As OTA is an ionizable molecule, a change in pH is expected to
affect adsorption. The decrease in both Adsmax and KL values for OTA adsorption at pH 7 may reflect
by the presence of an anionic form of the toxin, producing repulsion between the OTA molecules
and negative charges on the ATDP surface. In addition, these results suggest that hydrophobicity is
implicated in OTA adsorption. Indeed, OTA was preferentially adsorbed at pH 3 when the uncharged
form was predominant. At pH 7, OTA hydrophobicity decreased, affecting mycotoxin adsorption.
In conclusion, OTA adsorption by ATDP may involve several mechanisms, including electrostatic
forces and hydrophobic interactions, whose roles depend on the pH of the medium. As observed for
OTA, FB1 adsorption was dependent first on pH, then on the degree of ionization of the molecules.
FB1 adsorption was achieved at pH 3 only, since no adsorption was recorded at pH 7 (Figure 5).
The experimental values for FB1 adsorption were in the range 67–100%. The predicted maximum
adsorption capacity was 20.9 ± 1.2 μg/mg (28.9 ± 1.7 mmol/kg) at pH 3 (Table 5). The Langmuir KL

parameter was 1.7 ± 0.4 L/mg (1223.021 ± 287.769 L/mol). It can be concluded that, in acidic aqueous
solutions, FB1 adsorption by ATDP is favoured and occurs mainly by polar non-covalent interactions.
These include electrostatic interactions or hydrogen bonds involving the carboxylic functional groups.
The efficacy of ATDP in removing mycotoxins from liquid media was significantly higher than previous
reports of biosorbents: lactic acid bacteria, yeasts, moulds, and agricultural by-products [16,29–34].

Table 4. The theoretically estimated maximum adsorption (Adsmax) and inclusion rate of ATDP to
obtain a 50% reduction of the absorbable toxin (C50). Adsmax and C50 were calculated by fitting the
data from Figure 4 with the Langmuir isotherm model.

Toxin Adsmax (%) C50 (mg/mL)

AFB1 101 ± 1 0.11
ZEA 104 ± 1 0.19
OTA 103 ± 1 5.77
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Figure 4. Effect of adsorbent dosage on AFB1, ZEA, and OTA adsorptions by ATDP. Equilibrium
adsorption isotherms were obtained at constant temperature (37 ◦C) and at pH 7 by testing a fixed
amount of toxin (1 μg/mL) with increasing adsorbent dosages (0.1–10 mg/mL).

Figure 5. Effect of mycotoxin concentration on AFB1, ZEA, OTA, and FB1 adsorption by ATDP.
Equilibrium adsorption isotherms were obtained at constant temperature (37 ◦C) and pH (3 and 7) by
testing a fixed amount of ATDP with increasing toxin concentrations (0.025–7.5 μg/mL).
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2.6. Multi-Mycotoxin Adsorption in Simulated Gastrointestinal Fluid

The aim of this study is to assess whether ATDP, acting as a wide spectrum mycotoxin adsorbent,
shows the same adsorption pattern after simulated gastrointestinal digestion. In vitro digestion models
are successfully used as tools for assessing the bioaccessibility of nutrients and non-nutrients or the
digestibility of macronutrients (e.g., lipids, proteins, and carbohydrates) in food matrices. These
methods mimic physiological conditions in the gastrointestinal tract, taking into account the presence
of digestive enzymes and their concentrations, pH, digestion time, and salt concentration, among
other factors. In vitro assessment of mycotoxin bioaccessibility has been done through a number of
approaches including static and dynamic digestion models, simulating the gastro-intestinal tract of
monogastric animals and humans [35–38]. In the current study, the standardized digestion model
described by Minekus et al. [39], comprising oral, gastric and small intestinal digestion phases, was
used to assess the ability of ATDP to reduce the fraction of mycotoxins in the chyme available for
absorption. For this purpose, a pool of mycotoxins containing AFB1, OTA, ZEA, and FB1 was subjected
to gastro-intestinal digestion processes in the presence/absence of ATDP and, subsequently, the
liquid fraction of the chyme obtained by centrifugation was analyzed for residual mycotoxin content.
Mycotoxin bioaccessibility, calculated after gastric or intestinal (complete) digestion, was defined as
the ratio between the initial mycotoxin content and the amount determined in the chyme at the end
of the digestion phases. Under our experimental conditions, mycotoxin bioaccessibility was in the
range 96.5–33.5% after gastric digestion and 96.3–39.7% after intestinal digestion (Table 6). For the
mycotoxins tested, bioaccessibility decreased in the following order: AFB1 > FB1 > OTA > ZEA. It
is worthy to note that the low values of ZEA or OTA bioaccessibility after gastrointestinal digestion
were probably due to the formation of aggregates in the complex environment of the gastrointestinal
digestive fluids. For the mycotoxins tested here, bioaccessibility at gastric and intestinal levels did
not differ substantially. Digestion of ATDP in the presence of mycotoxin significantly reduced the
fraction of toxins available for absorption, at both gastric and intestinal levels. Due to the inclusion
of ATDP, mycotoxin bioaccessibility ranged from 25.8% to 0.8% at the gastric level, and from 78.9%
to 4.3% at the intestinal level. These preliminary results suggest that ATDP was more effective in
sequestering mycotoxins under the physiological conditions present in the stomach when the pH was
low. Gastric digestion of ATDP reduced mycotoxin bioaccessibility by 93.6 ± 0.1% for AFB1, 97.6 ± 0.1%
for ZEA, 96.2 ± 1.0% for OTA, and 67.3 ± 3.7% for FB1. At the completion of digestion, including
the gastric and intestinal digestion phases, the reduction of AFB1 bioaccessibility by ATDP persisted
(95.1 ± 0.1%). Smaller mycotoxin reductions were recorded at intestinal levels for ZEA (68.9 ± 1.1%),
OTA (10.1 ± 2.6%), and FB1 (2.6 ± 2.7%). Overall findings suggest that AFB1, ZEA, OTA, and FB1 are
quickly and efficiently sequestered by ATDP in the stomach. During the transit of the chyme from
the stomach to the intestine, AFB1 and ZEA remained bound by ADTP, whereas some OTA and FB1

were released. The change in pH of the gastrointestinal fluids occurring during digestion may be the
main factor driving OTA and FB1 release at the intestinal level. The model used in this study is a static
one, and cannot simulate meal size, peristaltic movement, gastrointestinal transit, or absorption of
digested products or water. However, it is a valid approach to investigating the adsorption/release of
mycotoxins in a complex environment such as the stomach or the intestine.

Table 6. Percentages of AFB1, ZEA, OTA, and FB1 recovered in the gastrointestinal fluids after simulated
gastric or gastro-intestinal digestion processes. Mycotoxins were digested in the absence (control) or
presence of ATDP. Values are means ± standard deviations of five independent experiments.

Toxin

Bioaccessibility (%) Bioaccessibility Reduction (%)

Gastric Phase Intestinal Phase
Gastric Phase

Intestinal
PhaseControl +ATDP Control +ATDP

AFB1 96.5 ± 0.9 6.3 ± 0.1 96.3 ± 0.8 4.3 ± 0.2 93.6 ± 0.1 95.1 ± 0.0
ZEA 33.5 ± 0.9 0.8 ± 0.1 39.7 ± 1.4 12.4 ± 0.4 97.6 ± 0.1 68.9 ± 1.1
OTA 49.6 ± 0.7 1.9 ± 0.5 43.6 ± 1.3 39.2 ± 1.1 96.2 ± 1.0 10.1 ± 2.6
FB1 78.8 ± 1.9 25.8 ± 2.9 81.2 ± 2.9 78.9 ± 1.9 67.3 ± 3.7 2.6 ± 2.7
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3. Conclusions

Several studies have shown agricultural by-products to be suitable precursor materials for
the effective and suitable removal of contaminants from aqueous media, including mycotoxins.
Unfortunately, most of these biomaterials are unsuitable for adsorption in their raw form and must
be pre-treated to improve their innate adsorption capacities. These pre-treatments include physical
processes (drying, autoclaving, grinding, milling, or sieving) and chemical modification with reagents.
Physico-chemical modification can enhance adsorption by reducing particle size and increasing surface
area. In the present study, chemical activation of DP by sulfuric acid significantly improved surface
area for adsorption, pore size distribution, and total pore volume. Structural characterization showed
more cavities to be present on the surface of the ATDP than the untreated material (DP). C and O
were the major surface elements. In addition, acid treatment changed the functional groups and
charge on the adsorbent surface. These structural changes may explain the higher efficacy of ATDP
than pristine DP in adsorbing mycotoxins. This is the first time that DP has been evaluated for its
efficacy in sequestering mycotoxins. ATDP was found to be more effective than other mycotoxin
biosorbent materials in removing mycotoxins from liquid mediums: lactic acid bacteria, yeasts, molds,
or other agricultural by-products. Biosorption of mycotoxins was investigated by batch adsorption.
Adsorption isotherms indicated that the process is dependent on key operating parameters, including
medium pH, adsorbent dose, and initial mycotoxin concentration. Maximum adsorption capacities
were described by the Langmuir isotherm. Values of Qmax determined at pH 3 and pH 7 were 40.7 and
41.6 mmol kg−1 for AFB1, 15.4 and 17.3 mmol/kg for ZEA, 46.6 and 0.6 mmol/kg for OTA, and 28.9 and
0.1 mmol/kg for FB1. DON was not sequestered by the raw or pre-treated agricultural by-product. The
pH of the medium significantly affected OTA and FB1 adsorption, whereas AFB1 and ZEA adsorptions
were not pH-dependent. As a consequence, digestion of ATDP (at 0.5% w/v dosage) in the presence
of a multi-mycotoxin solution containing 1 μg/mL of each toxin (AFB1, OTA, ZEA, and FB1) by a
static, validated gastrointestinal model, significantly reduced the bioaccessibility of all mycotoxins
(>67% reduction) at gastric level. After digestion was completed, including a gastric and an intestinal
step, significant reductions in mycotoxin bioaccessibility were recorded for AFB1 (94%) and ZEA (69%).
These findings suggest that, during transit through the gastro-intestinal tract of a monogastric, most
ingested AFB1 and ZEA can be adsorbed by ATDP and excreted in feces. In contrast, FB1 and OTA
may be adsorbed in the stomach and released into the lumen of the intestine. Taking into account that
most mycotoxins are quickly absorbed at the gastric level or in the upper part of the small intestine,
the results of this study show the potential of ATDP as a multi-mycotoxin biosorbent. Further research
is required to clarify the components of ATDP that are involved in the biosorption of mycotoxins and
to confirm its efficacy in vivo.

4. Materials and Methods

4.1. Reagents and Samples

Solid mycotoxin standards (purity >98%), including aflatoxin B1 (AFB1), ochratoxin A (OTA),
zearalenone (ZEA), deoxynivalenol (DON), and fumonisin B1 (FB1) were supplied by Sigma-Aldrich
(Milan, Italy). All chemical reagents were purchased from Carlo Erba (Rouen, France), except for sodium
chloride (NaCl) and potassium chloride (KCl), which were purchased from VWR (Leuven, Belgium).
All solvents (HPLC grade) were purchased from J.T. Baker (Deventer, the Netherlands). Water was of
Milli-Q quality (Millipore, Bedford, MA, USA). Digestive enzymes including α-amylase (from human
saliva type IX-A, 1000–3000 U/mg), pepsin (from porcine gastric mucosa, 3200–4500 U/mg), pancreatin
(from porcine pancreas, 4× USP), and bile bovine were supplied by Sigma-Aldrich (Milan, Italy).
Mycotoxin adsorption studies were performed using different media (1 or 100 mmol/L) of different pH:
citrate buffer at pH 3 (1 mM), acetate buffers at pH 4 and 5 (100 mM), and phosphate buffers at pH 6–9
(100 mM). Stock solutions of AFB1, OTA, ZEA, and DON (1 mg/mL) were prepared by dissolving solid
commercial toxins in acetonitrile. FB1 was prepared in acetonitrile–water (50:50, v/v). Stock solutions
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were stored in the dark at 4 ◦C. A multi-mycotoxin stock solution containing 200 μg/mL of each toxin
was prepared by mixing equal volumes of mycotoxin stock solutions. This was diluted with buffered
solutions to prepare the mycotoxin working solutions for adsorption experiments. The Monthong
durian peel (DP) used in the study was obtained from a local fruit shop in Bangkok, Thailand. The DP
was washed with water to remove surface-adhered dirt and then cut into small pieces. These were
oven-dried overnight, then, ground into fine powder using a mechanical grinder and passed through
35-mesh (0.5 mm) sieves. Particles smaller than 0.5 mm were collected and treated with sulfuric acid.
The acid-treated material (ATDP) was heated overnight. It was then washed with distilled water to
neutralize any acid residues and heated again. Untreated DP and ATDP, of the same particle size, were
kept in a desiccator until use.

4.2. Physico-Chemical Characterization of DP and ATDP

The surface morphology and elementary composition of the DP and ATDP were investigated
using scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM–EDS)
(SU-5000, HITASHI, Tokyo, Japan). For identification of the chemical functional groups present on
the DP and ATDP surfaces, a Fourier transform infrared spectroscopy (FTIR) (Nicolet 6700 FT-IR
Spectrometer, Thermo Scientific, Waltham, MA, USA) analysis was performed in the spectral range
from 4000 to 400 cm−1. The particle size and surface charge were measured using mastersizer and
zetasizer instruments (Nano ZS, Malvern, UK). Brunauer–Emmett–Teller (BET) specific surface area,
pore size distribution, and total pore volume were obtained from N2 adsorption–desorption isotherms
using a surface area analyzer (Autosorb-1C, Quantachrome Corporation, Boynton Beach, FL, USA).
Adsorption isotherms were obtained by measuring the amount of N2 adsorbed to the surface of both
biosorbents at 77.26 K. Desorption isotherms were derived by removing the N2 adsorbed through
a gradual pressure reduction. The methods used to characterize the DP and ATDP are reported
elsewhere [25,40,41].

4.3. Multi-Mycotoxin Adsorption Experiments

DP and ATDP efficacy in adsorbing AFB1, OTA, ZEA, DON, and FB1 was evaluated at pH 3 and 7
using 1 mM citrate buffer and 100 mM phosphate buffer, respectively. Adsorption experiments were
performed following the method of Avantaggiato et al. [26]. Briefly, DP and ATDP (< 500 μm particle
size fraction) were weighed in a 4 mL silanized amber glass vial and suspended with an appropriate
volume of multi-mycotoxin working solution buffered at pH 3 or 7. The suspensions were mixed for
few seconds by vortex and then shaken for 90 min in a thermostatically-controlled shaker (KS 4000,
IKA®-Werke GmbH & Co. KG, Staufen, Germany) at 37 ◦C and 250 rpm. After incubation, 1 mL of
each suspension was transferred into an Eppendorf tube and centrifuged for 20 min at 18,000× g and
25 ◦C. Supernatant samples were analyzed for residual mycotoxin content following the HPLC and
UPLC methods described by Avantaggiato et al. [26]. Adsorption experiments were carried out by
adding 5 mg/mL of DP and ATDP to a multi-mycotoxin working solution comprising 1 μg/mL of each
mycotoxin. To study the effect of pH on mycotoxin adsorption onto ATDP, independent experiments
were performed in triplicate at pH values of 3–9, using a 5 mg/mL dosage (corresponding to 0.5%
w/v). To investigate the desorption of mycotoxins from ATDP due to pH change, 5 mg of ATDP were
dissolved with 1 mL of working solution at pH 3, containing 1 μg/mL of each toxin. Samples were
incubated at 37 ◦C for 90 min in a rotary shaker (250 rpm). After centrifugation, the supernatants were
completely removed and analyzed for residual mycotoxin content to calculate mycotoxin adsorption.
The adsorbent pellets were washed with 1 mL of buffer at pH 7 and shaken for 30 min at 37 ◦C and
250 rpm. They were centrifuged, and the supernatants analyzed to assess mycotoxin desorption.
This procedure was repeated by washing the pellet with 1 mL of methanol. Desorption studies were
performed in triplicate. Adsorption (pH 3) and desorption (pH 7 and methanol) values were calculated
for each toxin and expressed as percentages.
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4.4. Equilibrium Adsorption Isotherms

Two sets of equilibrium adsorption isotherms were calculated to study the effect of adsorbent
dosage and toxin concentration on simultaneous adsorption of AFB1, OTA, ZEA, and FB1. Due to
the inefficacy of ATDP in adsorbing DON from all media used in the preliminary adsorption trials,
DON was excluded from the study. In addition, since FB1 was not adsorbed at pH 7, equilibrium
adsorption isotherms for FB1 were derived only at pH 3. Equilibrium adsorption isotherms matched
to the experimental conditions (90 min equilibrium time, 37 ◦C, 250 rpm), as used for the preliminary
adsorption experiments. The first set of adsorption isotherms was analyzed in triplicate, at constant pH
7, a fixed amount of toxin (1μg/mL) with ATDP dosages ranging from 0.005–1% w/v (0.05–10 mg/mL) for
AFB1, 0.005–1% w/v (0.005–10 mg/mL) for ZEA, and 0.01–1% w/v (0.1–10 mg/mL) for OTA. Adsorption
data were expressed as a percentage of mycotoxin adsorbed and plotted as a function of ATDP dosage.
Mycotoxin adsorption plots were fitted using non-linear regression models. The second set of isotherms
was derived by testing a fixed amount of ATDP with buffered solutions at toxin concentrations from
0.025–15 μg/mL. These isotherms were used to calculate the parameters related to the adsorption
process, including maximum adsorption capacity (Adsmax) and affinity (KL). Adsorbent dosages were
set from the preliminary adsorption experiments, using a 0.05% w/v (0.5 mg/mL) adsorbent dosage for
AFB1, ZEA, and FB1. A 0.02% w/v (0.2 mg/mL) and a 0.5% w/v (5 mg/mL) dosage were used for OTA
adsorption at pH 3 and 7, respectively. Adsorption isotherms were obtained by plotting the amount of
mycotoxin adsorbed per unit of mass of adsorbent (Qeq) against the concentration of the toxin in the
external phase (Ceq) under equilibrium conditions, then fitting using non-linear regression models.

4.5. Simulated Gastrointestinal Digestion

Since the gastrointestinal system is the primary target of mycotoxins, the “protective” effect of
ATDP in reducing AFB1, OTA, ZEA, and FB1 bioaccessibility (i.e., the amount of mycotoxin that is
released from the food matrix and is available for absorption through the gut wall) was determined by
simulating a gastro-intestinal digestion process. In particular, mycotoxins in the presence or absence
(negative controls) of ATDP were subjected to a simulated gastrointestinal digestion process and,
subsequently, the digestive fluids obtained after gastric and/or intestinal digestion were analyzed
for residual mycotoxin. The standardized digestion model described by Minekus et al. [39] was
used in this study. This model describes a three-step procedure simulating digestive processes in the
mouth, stomach, and small intestine (where most mycotoxin absorption takes place). A schematic
representation of this model is presented in Figure 6. During simulated digestion, samples were
rotated head-over-heels in a thermostatically controlled shaker (BFD53,©BINDER-GmbH, Tuttlingen,
Germany) at 37 ◦C for 2 min and 2 h to simulate, respectively, the oral phase and gastric or intestinal
phases. Physiological and enzymatic solutions were prepared as described by Minekus et al. [39].
Simulated digestion started by mixing 5 mL of physiological solution, containing the multi-mycotoxin
solution and ATDP at 5 mg/mL (0.5% w/v), with 3.5 mL of simulated salivary fluid (SSF). Next, 0.5 mL
of salivary α-amylase SSF solution (1500 U/mL) was added, followed by 25 μL of CaCl2 (0.3 M) and
975 μL of water, and thoroughly mixed. The simulated gastric and intestinal solutions were then added
in sequence. After 2 min incubation, simulated gastric juice at pH 3 was added, followed by 7.5 mL
of simulated gastric fluid (SGF), 1.6 mL of porcine pepsin SGF solution (25,000 U/mL), 5 μL of CaCl2
(0.3 M), 0.2 mL of HCl (1 M), and 0.695 mL of water. After 2 h of simulated gastric digestion, intestinal
fluids were added to the gastric chyme to mimic the digestion in the small intestine. Therefore, 20 mL
of gastric chyme was mixed in sequence with 11 mL of simulated intestinal fluid (SIF), 5.0 mL of
a pancreatin SIF solution (800 U/mL), 2.5 mL of bile (160 mM), 40 μL of CaCl2 (0.3 M), 0.15 mL of
NaOH (1 M), and 1.31 mL of water. Before starting intestinal digestion, the pH was adjusted to 7.
Two independent sets of simulated digestion experiments were performed to measure mycotoxin
bioaccessibility at gastric and intestinal levels. The first set of trials was stopped after the gastric
digestion phase. The second set included the gastric and intestinal phases. All experiments, including
negative controls (without ATDP), were performed in quintuplicate. At the completion of digestion,
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the gastric or intestinal fluids were centrifuged at 4500 rpm for 15 min and analyzed by HPLC/UHPLC
for residual mycotoxin content. Prior to LC analyses of AFB1, OTA, ZEA, and FB1, supernatant samples
were cleaned up using immunoaffinity (IMA) columns provided by VICAM© (Watertown, MA, USA):
AflaTest© WB, OchraTest© WB, ZearalaTest© WB, and FumoniTest© WB. Briefly, IMA columns
were attached to a vacuum manifold (Visiprep™ SPE, Sigma Aldrich, Milan, Italy). Then, 500 μL of
sample supernatants were passed through the columns at a flow rate of approximately one drop per
second. Each column was washed with 5 mL of phosphate saline buffer (PBS) followed by 5 mL of
water. AFB1, OTA, or ZEA were eluted by 2 mL of methanol in a 4 mL silanized amber vial. FB1 was
eluted using 2 mL of methanol followed by 2 mL of water. Eluates were dried at 50 ◦C under an air
stream (nitrogen was used for FB1) and the residues were re-dissolved with 250 μL of methanol/water
(20:80, v/v), then vortexed for 1 min and injected into the LC systems. The LC analysis was performed
following Greco et al. [16].
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Oral Phase

5 mL physiological solution (containing mycotoxins
+/ binder) + 3.5 mL SSF + 0.5 mL salivary amylase
(1500 U mL 1) + 25 L CaCl2 (0.3 M) + 0.975mL water

Gastric Phase

7.5 mL SGF + 1.6 mL pepsin (25 000 U mL 1) + 5 L
CaCl2 (0.3M) + 0.2 mL HCl (1 M) + 0.695mL water

Intestinal Phase

11 mL SIF + 5 mL pancreatin (800 U mL 1) + 2.5 mL
bile (160 mM) + 40 L CaCl2 (0.3M) + 0.15mL NaOH

(1 M) + 1.31mL water

37 C for 2 min, pH 7

37 C for 2 h, pH 3

37 C for 2 h, pH 7

Figure 6. Flow diagram of the simulated digestion model proposed by Minekus et al. [39]. The model
consists of a three-step procedure simulating the digestive processes in the mouth, stomach, and small
intestine. SSF, SGF, and SIF stand for simulated salivary fluid, simulated gastric fluid, and simulated
intestinal fluid, respectively

4.6. Data Calculation and Curve Fitting

Mycotoxin adsorption was measured from the difference between the amount of mycotoxin in the
supernatant of the blank tubes and in the supernatant of the experimental tubes. The quantity present
in the supernatant of the blank tubes was expressed as percentage of adsorption. ATDP was tested from
two sets of equilibrium adsorption isotherms, using the methods reported by Avantaggiato et al. [26].
The first set of equilibrium adsorption isotherms was obtained by plotting the experimental adsorption
data, expressed as percentage of mycotoxin adsorbed (Ads%), as a function of product dosage: Ads%
= f (dosage). These data were transferred to SigmaPlot software (Systat.com, version 12.3) and fitted
using the Langmuir isotherm model. The second set of adsorption isotherms was obtained by plotting
the amount of mycotoxin adsorbed per unit of mass of product Qeq against the concentration of
the toxin in the external phase Ceq, under equilibrium conditions: Qeq = f (Ceq). These data were
transferred to SigmaPlot and fitted using different mathematical isotherm models (i.e., the Langmuir,
Freundlich, and Sips models), as described by Avantaggiato et al. [26]. Mycotoxin bioaccessibility,
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expressed as a percentage, was calculated from the difference between the amount of mycotoxin found
in the supernatant of gastric or intestinal fluid after each digestion process and the initial amount of
toxin (mycotoxin intake). The efficacy of ATDP in reducing mycotoxin bioaccessibility was calculated
as the difference between the bioaccessibility values measured after gastric or intestinal digestion of
the control samples (with no ATDP) and experimental samples (containing the mycotoxin binder).
Statistical analysis was performed by one-way analysis of variance (ANOVA) using the SigmaPlot
software package. The Tukey–Kramer multiple-comparison post-hoc test was used, and differences
were considered significant at p < 0.05.
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Abstract: The study applied a targeted metabolomics approach that uses a direct injection and tandem
mass spectrometry (DI–MS/MS) coupled with a liquid chromatography–tandem mass spectrometry
(LC–MS/MS)-based metabolomics of plasma to evaluate the effects of supplementing clay with or
without Saccharomyces cerevisiae fermentation product (SCFP) on the metabolic status of dairy cows
challenged with aflatoxin B1. Eight healthy, lactating, multiparous Holstein cows in early lactation
(64 ± 11 DIM) were randomly assigned to one of four treatments in a balanced 4 × 4 duplicated
Latin square design with four 33 d periods. Treatments were control, toxin (T; 1725 μg aflatoxin B1

(AFB1)/head/day), T with clay (CL; 200 g/head/day), and CL with SCFP (YEA; 35 g of SCFP/head/day).
Cows in T, CL, and YEA were dosed with aflatoxin B1 (AFB1) from days 26 to 30. The sequestering
agents were top-dressed from day 1 to 33. On day 30 of each period, 15 mL of blood was taken from
the coccygeal vessels and plasma samples were obtained from blood by centrifugation and analyzed
for metabolites using a kit that combines DI–MS/MS with LC–MS/MS-based metabolomics. The data
were analyzed using the GLIMMIX procedure of SAS. The model included the effects of treatment,
period, and random effects of cow and square. Significance was declared at p ≤ 0.05. Biomarker
profiles for aflatoxin ingestion in dairy cows fed no sequestering agents were determined using
receiver–operator characteristic (ROC) curves, as calculated by the ROCCET web server. A total of 127
metabolites such as amino acids, biogenic amines, acylcarnitines, glycerophospholipids, and organic
acids were quantified. Compared with the control, T decreased (p < 0.05) plasma concentrations
of alanine, leucine, and arginine and tended to decrease that of citrulline. Treatment with CL had
no effects on any of the metabolites relative to the control but increased (p ≤ 0.05) concentrations of
alanine, leucine, arginine, and that of citrulline (p = 0.07) relative to T. Treatment with YEA resulted
in greater (p ≤ 0.05) concentrations of aspartic acid and lysine relative to the control and the highest
(p ≤ 0.05) plasma concentrations of alanine, valine, proline, threonine, leucine, isoleucine, glutamic
acid, phenylalanine, and arginine compared with other treatments. The results of ROC analysis
between C and T groups revealed that the combination of arginine, alanine, methylhistidine, and
citrulline had sufficient specificity and sensitivity (area under the curve = 0.986) to be excellent
potential biomarkers of aflatoxin ingestion in dairy cows fed no sequestering agents. This study
confirmed the protective effects of sequestering agents in dairy cows challenged with aflatoxin B1.

Keywords: aflatoxin; biomarker; dairy cows
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Key Contribution: The combination of plasma arginine, alanine, methylhistidine, and citrulline had
sufficient specificity and sensitivity to be excellent biomarkers of aflatoxin ingestion in dairy cows.

1. Introduction

Fungal spoilage of livestock feeds continues to be a major problem for feed security because
of reduced palatability and loss of nutritive value [1,2]. Worse still, the affected commodity may
be contaminated with toxic fungal secondary metabolites such as mycotoxins [3]. Aflatoxin B1 is
the most studied among the fungal secondary metabolites because it is carcinogenic and poses a
serious public health issue due to its transfer from diet to animal products such as milk, meat, and
eggs [4,5]. Consequently, most studies have focused on the use of sequestering agents such as clay and
Saccharomyces cerevisiae-based additives to counteract the negative effects of aflatoxin on performance
and reduce its transfer to animal products [6]. Most of these studies have evaluated the effects
of aflatoxins with or without sequestering agents on the metabolic status of ruminants using few
biochemical parameters such as plasma liver enzymes and blood cell counts [6,7], which offer very little
in terms of metabolic inferences [8]. A comprehensive analysis of the metabolic profile of animals to
aflatoxin exposure is needed to reveal a robust metabolic inference and identify biomarkers of aflatoxin
ingestion, which may allow early detection of aflatoxicosis, poisoning caused by ingesting aflatoxins,
in livestock.

In recent years, metabolomics has been extensively used in basic and applied research to study
metabolic processes and identify biomarkers responsible for metabolic characteristics [9]. Metabolomics
can reveal the metabolic response of a biological system to several factors including stress, environmental
alterations, and dietary change [10,11]. Previously, our group applied high-resolution proton nuclear
magnetic resonance spectroscopy (1H NMR)-based metabolomics of plasma to identify plasma
metabolites such as acetic acid, arginine, ethanol, alanine, methylhistidine, and proline as biomarkers
of aflatoxin ingestion in dairy cows fed no sequestering agents [12]. However, liquid chromatography
coupled to tandem mass spectrometry (LC–MS/MS) offers several advantages including high sensitivity
and specificity and the potential to analyze disease-associated metabolic changes and quantify
hundreds of metabolites in one run [13,14]. Thus, the objective of this study was to evaluate the effects
of supplementing clay with or without Saccharomyces cerevisiae fermentation product (SCFP) on the
plasma metabolomics profile of dairy cows challenged with aflatoxin B1 using a combination of direct
injection and tandem mass spectrometry (DI–MS/MS) with a reverse-phase LC–MS/MS.

2. Results and Discussions

A total number of 127 metabolites belonging to groups such as biogenic amines, acylcarnitines,
amino acids, glycerophospholipids, monosaccharides, organic acids, and hexoses were identified and
quantified (Table S1). The partial least squares discriminant analysis modelling (Figure 1) revealed
slight separations between the control and each of T (toxin), CL (clay), and YEA (CL with SCFP) groups,
indicating that the dietary treatment altered the plasma metabolome of the dairy cows.
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(C) 

Figure 1. Partial least squares discriminant analysis score plots of (A) control vs. toxin groups,
(B) control vs. clay groups, and (C) control vs. clay + S. cerevisiae fermentation product (YEA) groups.
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The ranking of the metabolites by variable importance in projection (VIP) >1 showed that 40, 33,
and 33 metabolites contributed to respective separations between control and each of T, CL, and YEA
groups, respectively (Figure 2).

 
(A) 

 
(B) 

Figure 2. Cont.
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(C) 

Figure 2. Variables ranked by variable importance in projection (VIP) between control and toxin groups
(A), control and clay groups (B), and control and clay + S. cerevisiae fermentation product groups (C).
Acylcarnitines: C12, C161, C3, C3OH, C12DC, C8, C5OH, C16OH, C181OH, C31, C4, C181, C12DC,
C5MDC, C31, C141OH, C162, C3OH, C162OH, C8, C14, C142, C16OH, C2, C51, C5DC, C12, C61,
C101, C4OH, C3, C9, C31, C12DC, C5MDC. Glycerophospholipids: LYSOC260, LYSOC240, PC401AA,
LYSOC280, LYSOC281, PC402AA, LYSOC170, 202SM, 181SM, 161SM, LYSOC261, 161SMOH, PC322AA,
PC401AA, LYSOC203.

When the metabolites with VIP >1 were statistically analyzed based on the design of this
experiment, the concentrations of 13 metabolites were affected by dietary treatment. Relative to the
control, T diet decreased (p < 0.05) the plasma concentrations of alanine, leucine, and arginine and
tended to decrease (p = 0.07) that of citrulline (Table 1). These results agree with our earlier study that
showed a similar trend using 1H-NMR [12]. This study also agrees with a recent study that reported
reduced concentrations of some amino acids such as leucine, isoleucine, valine, and phenylalanine in
dairy cows exposed to 40 μg/kg aflatoxin B1 (AFB1) for 7 days [8].

Aflatoxins are known to impair protein formation by interfering with enzymes and substrates
required for processes such as initiation, transcription, and translation that are involved in protein
synthesis [15]. Pate et al. [16] reported reduced expression of mechanistic target of rapamycin (mTOR), a
major regulator of protein synthesis in the tissues of mammals [17], in the liver of dairy cows fed 100 μg
of AFB1/kg of dietary DMI for 3 days. This is probably a consequence of reduced plasma concentrations
of leucine, which is known to activate the mTOR signaling pathway [18]. Mechanistic target of
rapamycin plays a major role in regulating innate and adaptive immune responses in animals and
humans because antibodies, interferons, and other immune cells are made up of proteins [18]. Arginine
and its precursor, citrulline, play a vital role in regulating immune response during inflammatory stress
because arginine serves as a sole precursor for synthesis of immune modulators such as polyamines,
proline, and agmatine [19]. Taken together, this explains observed immunosuppression in animals
exposed to AFB1 in several studies [20,21]. Alanine is the major glucogenic amino acid vital for glucose
metabolism in ruminants [22]. However, reduced concentration of alanine observed in this study is
not an evidence that carbohydrate metabolism was affected by AFB1 because plasma pyruvate and
glucose concentrations were not affected. It is important to note that the concentration of AFB1 dosed
(75 μg/kg) in this study exceeded that of the FDA action level in the feeds of dairy cattle (20 μg/kg).
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However, it represents a typical natural level of AFB1 in corn samples [23] and is within the range
(20–100 μg/kg) used in previous studies [7,24].

Table 1. The concentrations (μM) of plasma metabolites that were affected in dairy cows fed aflatoxin
B1 with or without clay and SCFP 1-based sequestering agents.

Item
Treatment 2

SEM p-Value
Control T CL YEA

Alanine 337 b 284 c 334 b 462 a 18.1 0.01
Valine 331 y 312 y 325 y 387 x 14.5 0.06
Proline 143 b 127 b 137 b 194 a 7.47 0.01

Threonine 152 b 136 b 140 b 172 a 7.82 0.01
Leucine 281 b 227 b 284 b 362 a 14.2 0.01

Isoleucine 129 b 131 b 128 b 148 a 6.30 0.03
Aspartic acid 23.5 y 26.9 xy 29.5 xy 43.5 x 5.62 0.09
Glutamic acid 236 b 219 b 206 b 305 a 9.95 0.01

Arginine 128 b 96 c 131 b 159 a 10.4 0.02
Phenylalanine 68.4 b 71.1 b 69.4 b 83.1 a 4.37 0.05

Citrulline 73.6 xy 62.6 y 81.0 x 71.6 xy 4.81 0.07
Sarcosine 1.83 xy 1.74 xy 1.50 y 1.95 x 0.12 0.06

Lysine 159 b 173 ab 170 ab 194 a 9.05 0.05
1 Saccharomyces cerevisiae fermentation product–based sequestering agent (Diamond V, Cedar Rapids, IA), 2 T =
control diet + aflatoxin B1 (AFB1, 1725 μg/d); CL = T + 200 g/d of sodium bentonite clay; YEA = CL + 35 g/d of
Saccharomyces cerevisiae fermentation product (SCFP). a,b,c Within a row, treatment means with different superscripts
differ (p ≤ 0.05). x,y Within a row, treatment means with different superscripts tend to differ, 0.05 < p ≤ 0.10.

The results of receiver–operator characteristic (ROC) analysis between C and T groups revealed
five metabolites (arginine, alanine, methylhistidine, citrulline, and proline) with respective areas under
the curve (AUC) of 0.88, 0.86, 0.86, 0.81, and 0.80. The utility of a biomarker is considered excellent
at AUC = 0.9–1.0 and good at AUC = 0.8–0.9 [25]. Our previous study that applied 1H-NMR-based
analysis revealed plasma acetic acid, arginine, ethanol, alanine, methylhistidine, and proline with
AUC > 0.80 [12]; these results are similar except for ethanol and acetic acid, which were not quantified
using DI/LC–MS/MS, and citrulline, which was not quantified in our previous study. This is an
evidence that these metabolites, including ethanol and acetic acid reported in our companion paper,
are good biomarkers of aflatoxin ingestion in dairy cows fed no sequestering agents. The combination
of plasma concentrations of arginine and alanine gave a better ROC ability (AUC = 0.914; Figure 3a)
compared with individual metabolites, whereas the combination of four metabolites (arginine, alanine,
methylhistidine, and citrulline) with AUC = 0.986 was an excellent biomarker of aflatoxin ingestion in
dairy cows fed no sequestering agents (Figure 3b). It is interesting to know that the use of multiple
metabolites (arginine, alanine, methylhistidine, and citrulline) gave a better sensitivity and specificity
to serve as potential biomarkers of aflatoxin ingestion in dairy cows fed no sequestering agents because
it is likely that no single biomarker, as reported in our previous study using 1H-NMR, will accurately
predict a disease condition. However, the optimum range of plasma concentrations of these metabolites
in healthy lactating dairy cows has to be established across different feeding regimens for them to be
useful as biomarkers of aflatoxin ingestion.
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(A) 

(B) 

Figure 3. Receiver–operator characteristic curves of control vs. aflatoxin groups for (A) arginine and
alanine and (B) arginine, alanine, methylhistidine, and citrulline.

Dietary treatment with CL had no effects on any of the metabolites relative to the control, but
increased (p < 0.05) concentrations of alanine, leucine, and arginine, and tended to increase (p = 0.07)
that of citrulline relative to T. This indicates that dietary supplementation of clay prevented the negative
effects of AFB1. The gastrointestinal tract (GIT) is the major route for entry of aflatoxins into the
bloodstream, where they are distributed to various tissues and liver. Clay is effective at ameliorating
the negative effects of aflatoxins on the health and performance of animals by binding with aflatoxin in
the GIT, thereby, preventing it from being absorbed and getting to the liver, where it causes increased
stress of the liver cells due to toxic load [26]. Several studies have reported that clay supplementation
reduced transfer of aflatoxins into animal products, improving liver health and immune response in
animals exposed to aflatoxin [6,16].

Dietary treatment with YEA resulted in higher concentrations of aspartic acid (0.09) and lysine
(p = 0.05) relative to the control, and the highest plasma concentrations of alanine, valine, proline,
threonine, leucine, isoleucine, glutamic acid, phenylalanine, and arginine compared with other
treatments. This confirms that feeding SCFP with clay is better than clay alone at improving the
health and metabolic status of dairy cows exposed to aflatoxins. This explains the results of our
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companion paper [6] that reported that dietary supplementation of clay and SCFP was more effective
than clay alone at maintaining the milk yield of dairy cows during aflatoxin challenge. Several studies
have shown that dietary supplementation with SCFP has the potential to optimize the health and
performance of cattle, especially during inflammatory stress. However, the effectiveness of SCFP at
augmenting inflammatory stress response to aflatoxin exposure has been inconsistent [4]. It is possible
that observed effects of YEA in this study are due to the synergistic effects of clay and SCFP. Clay
supplementation plays the role of adsorbing aflatoxins in the gut, thereby allowing maximal effects of
SCFP at improving the nutritional status of the cows. This explains the increased milk production by
cows fed YEA relative to T in our companion study [6]. Supplementation of SCFP has been shown to
improve gut health by stabilizing rumen pH and increasing microbial N yield; resulting in increased
flow and quality of amino acids to the duodenum for intestinal absorption [27,28]. In addition, the
SCFP used in this study is fortified with nutritional metabolites such as amino acids, B vitamins,
nucleotides, lipids, and organic acids that may have contributed to improved metabolic status of dairy
cows in this study [29].

In summary, this study gives a comprehensive insight into plasma metabolomics profile in
response to aflatoxin challenge with or without sequestering agents. Aflatoxin challenge reduced
plasma concentrations of some amino acids. Clay supplementation prevented the effects of AFB1,
while supplementation of both clay and SCFP improved the metabolic status of the cows during
aflatoxin exposure. The combination of arginine, alanine, citrulline, and leucine had sufficient
sensitivity and specificity to serve as candidate biomarkers of aflatoxin ingestion in dairy cows fed no
sequestering agents.

3. Materials and Methods

This study was part of a larger project designed to evaluate the effects of supplementing clay with
or without SCFP on health and performance of dairy cows challenged with AFB1 [6]. The University
of Florida Institutional Animal Care and Use Committee approved all experimental procedures used in
this study. Details about cows and feeding have been reported previously [6,12]. Briefly, eight lactating
multiparous Holstein cows (64 ± 11 days in milk) were randomly assigned to one of four treatment
sequences in a balanced 4 × 4 Latin square design with two replicate squares, four 33 day periods, and
a 5 day washout interval between periods. Treatments were (1) control (diet with no additives), (2)
toxin (T; basal diet + 1725 μg of AFB1/head per day), (3) toxin with bentonite clay (CL; 200 g/head per
day; Astra-Ben-20, Prince Agri Products Inc., Quincy, IL, USA), and (4) CL plus SCFP (YEA; 35 g of
SCFP/head per day; Diamond V, Cedar Rapids, IA, USA). The basal diet was formulated and fed as a
total mixed ration (TMR), to meet the nutrient requirements of dairy cows producing 30 kg/d or more
of milk [30]. The basal diet contained 55.6% concentrate mix, 36.1% corn silage, and 8.3% alfalfa hay on
a dry matter basis. Oral dose of 1725 μg of AFB1 was administered to each cow in treatments T, CL, and
YEA from days 26 to 30 before the morning feeding to give a dietary concentration of 75 μg/kg based
on estimated daily DMI of 23 kg/d. The sequestering agents were top-dressed on the respective TMR
from days 1 to 33 of each period. Blood samples (15 mL) were obtained from the coccygeal vessels into
vacutainer tubes containing sodium heparin anticoagulant before the morning feeding on day 30 of
each experimental period. Plasma samples were prepared from the blood by centrifugation at 2500× g
for 20 min at 4 ◦C, initially stored at −20 ◦C and then at −80 ◦C until LC-MS/MS analysis was done.

Plasma samples (20 μL) were analyzed using a commercial kit that uses direct injection and tandem
mass spectrometry (DI–MS/MS) coupled with a reverse-phase liquid chromatography and tandem
mass spectrometry (LC–MS/MS). The kit assay (AbsoluteIDQ p180; Biocrates Life Sci., Innsbruck,
Austria), used with an ABI 4000 Q-Trap mass spectrometer (Applied Biosystems/MDS Sciex, Foster
City, CA, USA), enables the quantification of 145 metabolites in as little of 10 μL of biofluid. Detailed
information and description of the method has been reported elsewhere [14,31]. Mass spectrometric
analysis was performed using an API4000 Qtrap® tandem mass spectrometry instrument (Applied
Biosystems/MDS Analytical Technologies, Foster City, CA, USA) that is equipped with a solvent
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delivery system. Delivery of the samples to the mass spectrometer was done using an LC method,
followed by a DI method.

4. Data and Statistical Analysis

Metabolite data were subjected to multivariate analysis using Metaboanalyst 4.0 software (www.
metaboanalyst.ca) [24]. Prior to multivariate analysis, data were log-transformed and pareto-scaled.
Partial least squares discriminant analysis (PLS-DA) was used to visualize differences between the
control group and each of T, CL, and YEA groups. Based on the PLS-DA model, the metabolites that
were important in discriminating cows in T, CL, and YEA from control group were ranked using
variable importance in projection (VIP). Metabolites with VIP values ≥1 were considered powerful
group discriminators [32]. Metabolites with VIP values ≥1 were analyzed using the GLIMMIX
procedure of SAS version 9.4 (SAS Institute Inc., Cary, NC, USA, 2013). The model used for the
analysis included the fixed effects of treatment, period, and random effects of cow and square, and
their interactions. Significance was declared at p ≤ 0.05, and tendency was declared at 0.10 ≥ p > 0.05.
Biomarker profiles for aflatoxin ingestion in dairy cows fed no sequestering agents were determined
using receiver–operator characteristic (ROC) curves, as calculated by the ROCCET web server [25].
Area under the curve (AUC), a value that combines sensitivity and specificity for a diagnostic test, was
used to evaluate the utility of the biomarkers [25].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/12/693/s1,
Table S1: Average concentrations (μm) of the identified metabolites.
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Abstract: Contamination of animal feed with multiple mycotoxins is an ongoing and growing issue,
as over 60% of cereal crops worldwide have been shown to be contaminated with mycotoxins.
The present study was carried out to assess the efficacy of commercial feed additives sold with
multi-mycotoxin binding claims. Ten feed additives were obtained and categorised into three groups
based on their main composition. Their capacity to simultaneously adsorb deoxynivalenol (DON),
zearalenone (ZEN), fumonisin B1 (FB1), ochratoxin A (OTA), aflatoxin B1 (AFB1) and T-2 toxin was
assessed and compared using an in vitro model designed to simulate the gastrointestinal tract of a
monogastric animal. Results showed that only one product (a modified yeast cell wall) effectively
adsorbed more than 50% of DON, ZEN, FB1, OTA, T-2 and AFB1, in the following order: AFB1 > ZEN
> T-2 > DON > OTA > FB1. The remaining products were able to moderately bind AFB1 (44–58%)
but had less, or in some cases, no effect on ZEN, FB1, OTA and T-2 binding (<35%). It is important
for companies producing mycotoxin binders that their products undergo rigorous trials under the
conditions which best mimic the environment that they must be active in. Claims on the binding
efficiency should only be made when such data has been generated.

Keywords: mycotoxins; animal feed; mycotoxin binders; feed safety

Key Contribution: Only one out of ten commercial mycotoxin binders simultaneously adsorbed
more than 50% of Aflatoxin B1, Deoxynivalenol, Zearalenone, Fumonisins B1, Ochratoxin A and T-2
in an in vitro model designed to mimic the gastrointestinal tract of a monogastric animal.

1. Introduction

Mycotoxins are toxic, low-molecular weight compounds produced as secondary metabolites by
several fungi species belonging mainly to Aspergillus, Fusarium, Penicillum, Alternaria and Clavicep
genera [1]. Under favourable environmental conditions such as moisture and temperature, these fungi
can invade crops and proliferate (during growth, transportation and storage) to produce mycotoxins [2].
Other factors including climate change, poor harvesting practices, improper drying, handling and
packaging may also predispose crops to fungal invasion and subsequent mycotoxin production [3].
Mycotoxins appear in the food and feed chain because forages and cereals, which are most susceptible
crops to these fungi, are utilised as the main components of animal feed. Among the more than
400 mycotoxins currently identified, aflatoxin B1 (AFB1), deoxynivalenol (DON), zearalenone (ZEN),
ochratoxin A (OTA), fumonisins B1 (FB1) and trichothecenes T-2/HT-2 toxin are considered the most

Toxins 2019, 11, 659; doi:10.3390/toxins11110659 www.mdpi.com/journal/toxins35
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economically significant mycotoxins in terms of their prevalence and their negative effects on human
and animal health and performance [4,5]. In addition to the well characterised fungal mycotoxins,
biological metabolism or modification of mycotoxins mainly by plants can lead to conjugated forms of
mycotoxins widely known as masked mycotoxins. These mycotoxin derivatives are often not detected
by analytical techniques, and several studies have shown them to be a potential threat to consumers,
as they can be converted to their parent forms in the gastrointestinal tract (GIT) after ingestion [1].

DON, T-2, ZEN and FB1 are produced by Fusarium species including Fusarium graminearum,
Fusarium sporotrichioides, Fusarium verticilloides and Fusarium poae [4]. DON and T-2 are potent DNA
protein synthesis inhibitors and cause digestive disorders, oral lesions, immunologic effects and
hematological disorder [6,7]. ZEN is estrogenic and impair reproductive performance [8]. FB1 is
associated with liver necrosis, diarrhoea, intestinal disorder, nephritis and oedema [9]. OTA is produced
by species of Aspergillus and Penicillium (mainly Aspergillus ochraceus and Penicillium verrucosum).
OTA exerts several toxic effects including nephrotoxicity, hepatogenicity and genotoxicity; it can also
affect carbohydrate metabolism and blood coagulation [10]. AFB1 is produced by Aspergillus species
(Aspergillus flavus and Aspergillus parasiticus). AFB1 health effects include teratogenicity, mutagenicity
and carcinogenicity, with the liver being the primarily affected organ [11]. In farm animals, ingestion
of a diet contaminated with more than one mycotoxin may cause more complex additive, antagonistic
or synergistic effect on health and performance [12]. The severity of symptoms depends on a number
of factors including the type of mycotoxin and level present, animal species, gender, diet, age and
duration of exposure. In addition, diagnosis is difficult as mycotoxicosis produces a very wide variety
of clinical signs [13].

Mycotoxin occurrence in cereal crops sits at 25% in terms of breaches of European Union (EU)
Codex limits and occurrence above the detectable levels ranges from to 60–80% depending on the crop
type [4]. To minimise the negative effects of these mycotoxins in farm animals, several methods have
been developed to reduce the occurrence of mycotoxins in animal feeds, these include physical (thermal
and irradiation) [14,15]; chemical (ozonation and ammoniation) [16,17] and biological (microorganisms
and enzymes) [18,19]. However, inclusion of binders or adsorbents to feed as a form of additive,
appears to be the most prevalent strategy widely practiced by farmers and the feed industry, due to
its economic feasibility [20]. The additives are added to the diet of animals to reduce the absorption
of mycotoxins from the GIT and their distribution to blood and target organs [21]. The additives
used for this purpose have been divided into two groups: binders and modifiers. Mycotoxin binders
aim to prevent the absorption of the mycotoxins from the intestinal tract of the animal by adsorbing
the toxins to their surface to form a mycotoxin-binder complexes, which are then excreted in animal
faeces. Mycotoxin binders are mainly classified as: organic (yeast cell wall and glucommanan) and
inorganic (clay minerals such as aluminosilicate, bentonite and zeolite) [22]. Mycotoxin modifiers
are of biological origin (bacteria, fungi, enzymes and plants); they alter the chemical structure of
mycotoxins (biotransformation) to produce metabolites that are less toxic than the parent mycotoxins
or non-toxic [23]. Throughout this paper, terms including adsorption, binding and sequestering, will
be used to describe the reduction or removal of mycotoxins by feed additives.

In the EU, there is a provision under European Commission (EC) regulation (EC 1831/2003),
for the inclusion of a technical additive—”a substance that can suppress or reduce the absorption,
promote the excretion of mycotoxins or modify their mode of action”- to animal feed. To register a feed
additive in the EU, an application must be submitted to the EC, a technical dossier to European Food
Safety Authority (EFSA) and three reference samples of the feed additive must be sent to European
Union Reference Laboratory, who evaluates the safety and efficacy of the samples before they can be
authorized for use in the EU. However, in many other parts of the world, there are no regulations
regarding the use of feed additives or substances that can counteract the toxic effects of mycotoxins in
farm animals [20].

Several of these products are registered as digestibility enhancers, antioxidants and generic or
catalogue names such as montmorillonite, bentonite and hydrated sodium calcium aluminosilicate
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(HSCAS), with mycotoxin binding claims [24,25]. Many researchers have investigated mycotoxin
sequestering potentials of some of these products, which are commercially available worldwide.
However, most of the studies are focused on only one or two mycotoxins, particularly AFB1 [26–28].
As mycotoxins are often co-occurring in animal feed [29,30], the current study aims to evaluate and
compare the efficacy of ten commercial feed additives with multi-mycotoxin binding claims on DON,
T-2, ZEN, OTA, FB1 and AFB1 using an in vitro model simulated to mimic the gastro-intestinal tract
(GIT) of a monogastric animal. Results showed that only one of the products (a modified yeast cell
wall) effectively adsorbed more than 50% of DON, ZEN, FB1, OTA, T-2 and AFB1, in the following
order: AFB1 > ZEN > T-2 > DON > OTA > FB1. The remaining products were able to moderately bind
AFB1 (44–58%) but had less, or in some cases, no effect on ZEN, FB1, OTA and T-2 binding (<35%).

2. Results and Discussion

Contamination of different agricultural commodities with multi-mycotoxins, as well as adverse
health effects and reduction in animal performance, due to mycotoxicosis are still prevalent, despite
the prevention strategies currently employed [31–33]. Additives are added to the diets of livestock
animals to bind mycotoxins and reduce their bioavailability in GIT and distribution to blood and target
organs. The most prevalent adsorbing agents are polymers, yeast cell wall, cholestyramine and clay
minerals [21,22]. In vitro analysis of mycotoxin adsorption is a very useful tool for rapid screening
and identification of agents that may have mycotoxin sequestering potentials [22]. Several researchers
have investigated different mycotoxin binders, however, most of the studies have focused on a single
mycotoxin and carried out using buffer solutions mostly at pH 3 and 7, to simulate physiological pH in
stomach and intestine, respectively. This does not truly reflect the conditions in a farm animal GIT as
other factors including temperature, digestive enzymes, feed, bile salts and nutrients may interfere
with the adsorption (ion-exchange) process [21].

In the current study, ten commercial feed additives with adsorption, inactivation or detoxification
claims on DON, ZEN, FB1, OTA, T-2 and AFB1 were obtained and categorised into three groups
based on their composition. Their capacity to simultaneously bind or adsorb DON, ZEN, FB1, OTA,
T-2 and AFB1, which often co-occur in complete feed or feed ingredients such as maize, wheat and
barley was assessed and compared. The ratio of additive:binder used in this study is based on the
maximum permitted/guidance levels for mycotoxins in European pig feed [34] and the conventional
binder inclusion level of 2 g/kg feed [35]. In order to assess the mycotoxin binding capacity of the
adsorbents, an in vitro system with buffer solutions at pH 3 and 7—to simulate stomach and intestine
respectively, was used to study mycotoxin adsorption/desorption. Furthermore, a robust in vitro
model relative to the GIT of a monogastric animal in terms of compartment, enzymes, feed, gastric
fluids, temperature, pH and transit time was designed, to investigate the adsorption efficacy of the
feed additives. The percentage adsorption of DON, ZEN, FB1, OTA, T-2 and AFB1 by various feed
additives in buffer solutions as well as in vitro GIT model are presented in Tables 1 and 2, respectively.
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Table 2. Percentage adsorption of deoxynivalenol (DON), zearalenone (ZEN), fumonisin B1 (FB1),
ochratoxin A (OTA), T-2 toxin and aflatoxin B1 (AFB1) by 10 commercially available feed additives in
an in vitro model designed to mimic the gastrointestinal tract of a monogastric animal *.

Adsorbed Mycotoxin (%) (mean ± SD) **

Category Product DON ZEN FB1 OTA T-2 AFB1

Inorganic
Additives

1 55 ± 3.1 b 40 ± 2.2 b 33 ± 3.6 c 25 ± 2.5 c 26 ± 1.3 c 51 ± 2.9 b

2 39 ± 1.3 d 29 ± 2.6 d 20 ± 1.9 d 18 ± 3.2 d 04 ± 1.4 d 53 ± 2.1 b

3 41 ± 1.6 d 12 ± 1.2 f 21 ± 2.3 d 00 00 38 ± 1.5 c

4 31 ± 1.7 e 18 ± 2.2 e 20 ± 3.1 d 00 02 ± 0.4 d 42 ± 1.2 c

Organic
Additives

5 47 ± 1.9 c 40 ± 2.4 b 45 ± 2.1 b 29 ± 1.5 b 28 ± 1.3 c 54 ± 2.2 b

6 55 ± 1.6 b 53 ± 1.1 a 51 ± 1.5 a 52 ± 2.3 a 56 ± 1.4 a 62 ± 0.9 a

7 36 ± 2.2 e 41 ± 2.5 b 19 ± 0.6 d 26 ± 0.9 c 00 39 ± 1.4 c

Mixed
Additives

8 41 ± 3.3 d 36 ± 1.7 c 23 ± 1.4 d 10 ± 2.1 e 28 ± 1.6 c 48 ± 1.9 b,c

9 61 ± 2.4 a 53 ± 1.4 a 35 ± 2.6 c 32 ± 1.2 b 35 ± 0.7 b 58 ± 3.2 a

10 22 ± 1.8 f 08 ±1.9 f 00 00 00 29 ± 0.8 d

* Calculated in comparison to the control treatment with no feed additives. ** Values are means of three replicates.
a–f Values labelled with the same superscript in a column are not significantly different (p > 0.05).

2.1. Inorganic Additives

Aluminosilicate constitute the most abundant group of rock-forming minerals [36]. The basic
structural unit of silicate clay minerals consists of the combination of aluminium octahedral and
silica tetrahedral sheets, both with hydroxyl and oxygen groups [37]. Most studies (both in vivo
and in vitro) on mycotoxin binders using clay minerals have focused on aluminosilicates such as
bentonite, montmorillonite, zeolite and hydrated sodium calcium aluminosilicates (HSCAS). They
possess high cation exchange capacity, pore volume and large surface area, which enable them to adsorb
low-molecular weight compounds such as mycotoxins to their surfaces, edges and interlayer spaces [27].
Four commercial clay-based products (1, 2, 3 and 4) were investigated for their multi-mycotoxin
binding potentials. Results obtained for in vitro buffer solutions showed that all the 4 products bound
DON, ZEN, FB1, OTA, T-2 and AFB1 at adsorption rates of 29–58%, 27–42%, 29–47%, 5–40%, 9–38%,
51–68% respectively (Table 1). Product 1 and 3 had a significant adsorption on AFB1 (68% and 61%),
DON (53% and 49%) and ZEN (42% and 46%) respectively, compared to product 2 and 4 (p < 0.05).
There was no significant difference (p > 0.05) in the adsorption of DON, ZEN, FB1, OTA, T-2 and AFB1
by product 2 and 4, as they sequestered <34% of DON, ZEN and FB1; <13% of OTA and T-2, and
approximately 50% of AFB1. Within this category, AFB1 was the most adsorbed mycotoxin followed
by DON, ZEN, FB1, OTA and T-2 at pH 3 and 7. Several studies on adsorption of mycotoxins using
buffer solutions at different pH (mostly 3, 5 and 7) have shown that AFB1 is highly adsorbed by clay
minerals at acidic and alkaline pH with little to no adsorption of other mycotoxins [26,38,39]. A recent
study on the efficacy of commercial clay minerals to sequester 0.1 μg/mL of AFB1, DON and ZEN
showed that 1% of a commercial smectite and an aluminosilicate clays significantly adsorbed AFB1
(95–100%) and ZEN (56–82%) in acidic pH, with no significant effect on DON (<10%) [40]. Similarly,
50 mg of a commercial bentonite adsorbed 99% of 10 ng/mL AFB1 and 1% of 250 ng/mL DON in buffer
solution (pH 5) [41]. The difference in the ability of clay minerals to sequester mycotoxin has been
attributed to their origin and physiochemical properties such as cation exchange capacity, pore volume
and expandability [21,22].

For the in vitro GIT experiment, 22–100% reduction in the efficacy of all the four clay-based
products to adsorb multi-mycotoxins was observed (Table 2). Adsorption capacities of product 2
and 4 on DON, ZEN and FB1 were the most severely affected. Their adsorption rates were reduced
to less than 23%, 18% and 16% for DON, ZEN and FB1, respectively, with no observed adsorption
of OTA and T-2. However, both products (2 and 4) were still able to significantly bind >42% of
AFB1 (p < 0.05) (Table 2). Product 1 performed better than other products within this group, with a
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simultaneous adsorption rate of 46%, 33%, 29%, 25%, 26% and 51% for DON, ZEN, FB1, OTA, T-2
and AFB1 respectively, followed by product 3: DON (37%), ZEN (29%), FB1 (22%), OTA (18%), T-2
(15%) and AFB1 (53%). A similar study carried out by Vekiru et al. [42], showed that the sequestering
potential of HSCAS, activated charcoal and bentonites against AFB1 strongly decreased in the presence
of swine gastric juice. The percentage adsorption dropped from 98% to 72% for HSCAS, 88% to 35%
for activated charcoal and by more than 15% for bentonites [42]. Also, the capacity of 1 mg of smectite
to reduce 8 μg/mL aflatoxin was reduced from 0.5 mol/kg in distilled water to 0.2 mol/kg in simulated
gastric fluid [43].

Although, the adsorption capacity of product 1 and 3 were reduced in the GIT model, they still
significantly adsorbed DON, ZEN, FB1, OTA, T-2 and AFB1 (p < 0.05) when compared with product
2 and 4. These products (1 and 3) are chemically modified clay minerals. Modified clay minerals
have been shown to possess high mycotoxin-sequestering ability compare to natural clay minerals
(product 2 and 4). Modified adsorbents are prepared by alteration of surface properties such as
cation exchange capacity using acids, alkalis, organic compounds and heat, that consequently increase
their contaminant removal capacity and efficacy [44]. Nevertheless, their safety and interaction with
nutrients and veterinary substances remain a concern [45].

2.2. Organic Additives

The three products (5, 6 and 7) within this category of feed additives, were able to bind DON,
ZEN, FB1, OTA, T-2 and AFB1 in the range of 36–56%, 28–69%, 19–55%, 35–60%, 10–56% and 55–65%,
respectively, mostly at pH 3 (p < 0.05) (Table 1). Only product 6 was able to adsorb more than 50% of
each toxin simultaneously: DON (55%), ZEN (56%), FB1 (55%), OTA (60%), T-2 (56%) and AFB1 (65%).
Product 5 adsorbed DON (56%) and AFB1 (51%), with moderate binding on ZEN, FB1, OTA and T-2
(<45%). Product 7 also adsorbed AFB1 (55%), but its multi-mycotoxin adsorption capacity on DON
(36%), ZEN (28%), FB1 (19%), OTA (35%), T-2 (10%) was significantly lower when compared to product
5 and 6 (p < 0.05). In terms of percentage adsorption under in vitro GIT model, again, all the products
binding capacities were reduced, but to a much lesser extent compared with products under inorganic
additives (Table 2). Only product 6 had a significant binding (p < 0.05) on ZEN (56%), FB1 (55%), OTA
(60%), T-2 (56%) and AFB1 (63%). However, no significant difference was observed in the adsorption
of DON, FB1 and AFB1 by products 5 and 6 (p > 0.05). Interestingly, the percentage adsorption of
ZEN by product 6 in buffer solutions (56%) was similar to that which was found in the in vitro GIT
model, which indicates a good additive with high mycotoxin specificity. Similar results were obtained
by Joannis-Casssan et al. [46]. This group tested the binding efficacy of a commercial yeast cell wall
obtained from baker’s yeast on OTA, AFB1 and ZEN and found it to effectively adsorb up to 62%, 29%
and 68%, respectively, in a dose-dependent manner [46]. Also, a commercial inactivated yeast-based
product sandwiched with glutathione bound 45% of AFB1 and more than 50% of OTA and ZEN [47].

Organic additives such as yeast cell wall and glucommanan have been shown to have a high
binding activity across a wide spectrum of mycotoxins compare to inorganic minerals [48]. The cell
wall of the yeast Saccharomyces cerevisiae is composed of lipids, protein and polysaccharide fraction,
with glucans and mannans being the two main constituents of the latter fraction [47]. Glucomannan
is a water-soluble polysaccharide composed of hemicellulose, it is present in the cell wall of some
plant species. Several authors have suggested that the cell wall components of these substances
could be responsible for the adsorption of mycotoxins through non-covalent, hydrogen bonds,
ionic or hydrophobic interactions [49–51]. Rignot et al. [50] showed that β-D-glucans are the yeast
component largely responsible for the complexation of mycotoxins, and that the reticular organization
of β-D-glucans and the distribution between β-(1,6)-D-glucans and β-(1,3)-D-glucans plays a vital role
in mycotoxin adsorption [50]. Furthermore, Van der Waals forces and weak hydrogen bonding maybe
involved in the adsorption of mycotoxins by β-D-glucans [49]. The efficacy and type of mycotoxins
a yeast cell wall product can adsorb is dependent on the origin of yeast, strain, pH, binding sites or
accessible surface area, growth condition and percentage of cell wall components (mannoproteins,
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chitins, lipids and β-glucan) [51]. Glucomannan is commonly used as a dietary fibre, however, there
are very limited studies published regarding the types of mycotoxins adsorbed and mechanisms
of adsorption.

2.3. Mixture of Additives

Due to the affinity of most technical additives towards a single mycotoxin, a mixture of additives
has been developed and used recently, to counteract adverse health effects of multiple mycotoxins in
farm animals, the most prevalent one being mixture of clay minerals and yeast cell wall [26]. Three
commercial products with mixed additives (product 8—mixed silicates and yeast cell wall; product
9—yeast cell wall and enzyme; product 10—natural clay minerals and algae) were assessed for their
multi-mycotoxin binding capacity in the present study. Results of in vitro buffer solution testing
showed that the three products adsorbed DON (32–72%), ZEN (22–55%), FB1 (19–56%) OTA (15–49%),
T-2 (38–55%) and AFB1 (32–63%), mostly at pH 3 (p < 0.05) (Table 1). Product 9 significantly sequestered
DON (72%), ZEN (55%) and T-2 (55%), however, compared to product 8, no significant adsorption
was observed (p > 0.05) for FB1 (42%) and AFB1 (63%). Product 10 had a poor binding capacity on
DON, ZEN, FB1, OTA and T-2 with an adsorption rate of 32%, 22%, 19%, 15% and 38%, respectively.
Under in vitro GIT conditions, product 10 lost its binding potential as mycotoxins adsorption rates
were reduced to 22%, 8%, 0%, 0% and 24% for DON, ZEN, FB1, OTA and T-2, respectively. Similar
results were obtained for product 8, with a reduction from 52–41%, 46–35%, 39–23%, 20–9%, 43–28%
and 61–48% for DON, ZEN, FB1, OTA, T-2 and AFB1, respectively. Product 9 significantly adsorbed
DON (61%), ZEN (55%), OTA (33%), T-2 (36%) and AFB1 (58%) compared to product 8 and 10 (p < 0.05)
(Table 2). Results obtained for products within this category suggest that mere mixing of additives does
not guarantee multi-mycotoxin binding as the mixture may either lead to synergistic or antagonistic
effect. When mixing additives, it is important to investigate the efficacy of individual agent and their
mixtures to identify the mycotoxins they can adsorb effectively.

Generally, all the commercial binder or feed additive products assessed for their capacity to bind
multi-mycotoxin in the current study adsorbed DON, ZEN, FB1, OTA, T-2 and AFB1 simultaneously at
different rates under both acidic and alkaline pH. However, percentage adsorption at pH 3 was more
significant when compare with adsorption at pH 7 (p < 0.05), this indicates that products investigated
can form a stable mycotoxin-binder complex at pH 3 and to some extent at pH 7. Under in vitro GIT
model, adsorption efficacies of all the products were reduced (except product 6, for ZEN) possibly due
to interaction of binder products with other components of GIT such as pepsin, HCl and feed [43,52,53].
For instance, Barrientos et al. [43] showed that the adsorption of a globular protein (pepsin) by a
smectite clay significantly reduced the adsorption rate of AFB1 in simulated acidic gastrointestinal
fluid [43]. Also, a corn protein interfered with AFB1 adsorption to a smectite clay in corn fermentation
solution [53].

Regarding the performances of investigated feed additives under the in vitro GIT model, product
1—a modified aluminosilicate had a good multi-mycotoxin binding capacity on DON (46%), ZEN
(33%), T-2 (29%), FB1 (25%), OTA (25%) and AFB1 (51%) when compared with other products in this
category (p < 0.05). Within category of organic additives, a modified yeast extract (product 6) had a
broad significant mycotoxin adsorption spectrum, with adsorption rate of 55%, 56%, 51%, 53%, 56%
and 65% for DON, ZEN, FB1, OTA, T-2 and AFB1, respectively. Within category of mixture of additives,
product 9 (a mixed yeast cell wall and enzymes) adsorbed 61%, 55%, 28%, 33%, 36% and 58% of DON,
ZEN, FB1, OTA, T-2 and AFB1, respectively (p < 0.05). Overall, in terms of multi-mycotoxin binding
efficiency, only product 6 performed well, as it was able to simultaneously sequester more than 50% of
mycotoxins in the following order: AFB1 > ZEN > T-2 > DON > OTA > FB1; followed by product 9
(yeast cell wall and enzyme) and product 5 (glucomannan).

Mycotoxin binders adsorb mycotoxin at the surface, to form a mycotoxin-binder complex, the
bound mycotoxins are then excreted along with the binder in animal faeces. The adsorption capacity
and stability of the complex through the GIT is influenced by physiochemical properties of the binder
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including polarity, size of the pores and accessible surface area as well as physicochemical properties
of mycotoxins including polarity, solubility, size and charge [38]. AFB1 is relatively hydrophilic with
aromatic planar molecules, therefore it is easily bound by most binders, particularly clay minerals,
under both acidic and alkaline conditions, by formation of a coordination bonds with the beta-carbonyl
system [26]. However, other mycotoxins—ZEN, OTA, FB1, T-2 and DON range from being moderately
hydrophilic to high hydrophobic compounds, therefore being very difficult to adsorb [26]. However,
emerging nanocomposites [54], modified organic and inorganic adsorbents [55] are being used to
sequester these mycotoxins.

3. Conclusions

In light of the high co-occurrence of fungi and mycotoxins in agricultural commodities, exacerbated
by climate change, products with wide spectrum mycotoxin adsorption or detoxification are in great
demand from farmers and animal feed producers, to minimise the economic losses caused by
mycotoxicosis. In the current study, an in vitro GIT model was designed to assess and compare the
efficacy of ten commercially available binder products with multiple mycotoxin claims on DON, ZEN,
FB1, OTA, T-2 and AFB1. Results showed that most of the products were able to significantly bind
DON, ZEN, FB1, OTA, T-2 and AFB1 in both alkaline and acidic buffer solutions. However, under the
in vitro model simulating the conditions in the GIT of monogastric animals such as chicken and pig,
the efficacy of all the products were significantly reduced and only one of the products tested (6—a
modified yeast cell wall) was still able to simultaneously adsorb more than 50% of DON, ZEN, FB1,
OTA, T-2 and AFB1, in the following order AFB1 > ZEN > T-2 > DON > OTA > FB1. The remaining
products were able to moderately bind AFB1 (44–58%) but had less than 35% or in some cases no
binding effect on ZEN, FB1, OTA and T-2 binding. A robust method that mimics the GIT condition of a
farm animal must be used to study the efficiency of a potential mycotoxin binder, not the conventional
use of buffers at different pH. Furthermore, producers of feed additives with mycotoxin binding
claims should ensure appropriate and detailed labelling of their products such as the composition,
physicochemical properties, mode of action, dosage and importantly the specific mycotoxin(s) their
product can bind, adsorb or detoxify, to ensure farmers and animal nutrition companies are not misled.

4. Materials and Methods

4.1. Chemicals and Reagents

Hydrochloric acid (HCl), citric acid, monobasic sodium phosphate (NaH2PO4), pancreatin, pepsin,
polytetrafluoroethylene (PTFE) filter, formic acid, bile salt, sodium chloride (NaCl), sodium bicarbonate
(NaHCO3), LC-MS grade methanol and acetonitrile were supplied by Sigma-Aldrich (Gillingham, UK).
Mycotoxins—AFB1, ZEN, FB1, OTA, T-2 and DON—crystalline solids were obtained from Romer
Labs GmbH (Tulln, Austria). Ultra-pure water was obtained from a Milli-Q Gradient A10 water
purification device (Millipore, Molsheim, France). All chemicals used were of analytical grade unless
otherwise stated.

4.2. Feed Additives

Ten commercially available products claiming multiple mycotoxin adsorption or binding on DON,
T-2, ZEN, AFB1 and FB1 were obtained and categorised into three groups (inorganic, organic and
mixture of additives) based on their main functional composition. The products were coded with
numbers to preserve the confidentiality of the source. Products 1, 3 and 4 were purchased online, while
products 2, 5, 6, 7, 8, 9 and 10 were obtained directly from the companies. Product details including
mode of action and main composition (as stated on the product labels and manufacturers’ websites)
are listed in Table 3.
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Table 3. Composition and mode of actions (as stated on the product labels and manufacturers’ websites)
of commercial feed additives claiming multiple-mycotoxin binding.

Category Product Main Composition Mode of Action

Inorganic adsorbent

1 Modified aluminosilicates Adsorption
2 Bentonite ***
3 Activated clay Adsorption and Inactivation
4 Montmorillonite Adsorption

Organic adsorbent
5 Glucomannan Adsorption and complexation
6 Modified yeast cell wall Adsorption
7 Esterified glucomannan ***

Mixed adsorbent
8 Mixed silicates and yeast cell wall ***
9 Aluminosilicate and enzyme Adsorption and biotransformation

10 Natural minerals and algae Adsorption and degradation

*** no information provided.

4.3. Multi-Mycotoxins Adsorption Experiment

4.3.1. Buffer Solution

Mycotoxin stock solutions (1 mg/mL) of AFB1, DON, ZEN, T-2 and OTA were prepared
by dissolving pure solid standards in methanol and FB1 in acetonitrile/water (50:50, v/v).
A mixed-mycotoxin working solution was prepared in 10 mL acetonitrile and stored at −20 ◦C
until use. To evaluate adsorption efficacy of the binding products and stability (adsorption/desorption)
of mycotoxin-binders complex in both acidic and alkaline conditions, adsorption capacity of each
product was studied at pH 3 and 7 to simulate physiologic pH in the stomach and intestine of
monogastric animal respectively. The buffer solutions (pH 3 and 7) were prepared by using 0.1 M
citrate and 0.2 M phosphate buffers. Each product (20 mg) was weighed into a 30 mL flask containing
10 mL of buffer solution; 20 μL of multi-mycotoxin working standard solution was added to reach
a final concentration of 20 ng/mL, 50 ng/mL, 900 ng/mL, 5000 ng/mL, 100 ng/mL and 250 ng/mL for
AFB1, OTA, DON, FB1, ZEN and T-2 respectively, this was performed for each pH in triplicate. A blank
control was prepared using only multi-mycotoxin working solution in buffers without any mycotoxin
binder. The flasks were shaken and incubated for 3 h at 37 ◦C in an incubator shaker. Thereafter,
samples were centrifuged (30 min, 1000× g, 25 ◦C), and 1 mL of supernatant was mixed with an equal
volume of acetonitrile and evaporated to dryness under gentle nitrogen stream (40 ◦C). The residue
was reconstituted in 1 mL of methanol, filtered through 0.2 μm PTFE filter and transferred to a glass
vial for LC-MS/MS analyses.

4.3.2. In Vitro Gastrointestinal Model

An artificially contaminated feed was made by spiking 1 g of finely ground feed material with 200μL
of multi-mycotoxin stock solution to reach approximately the following mycotoxin concentrations,
based on EU permitted/regulated limit for mycotoxins in pig feed: AFB1 (21.2 μg/kg), OTA (48.9 μg/kg),
DON (997.2 μg/kg), FB1 (5582.3 μg/kg), T-2 (243.1 μg/kg) and ZEN (152.8 μg/kg). The spiked material
was incubated overnight in the dark at 40 ◦C to evaporate to dryness. To check the homogeneity of
the batch, three samples taken randomly were extracted and analysed for multi-mycotoxins using a
previously validated QuEChERS-based LC-MS/MS method [56]. To assess the efficacy of commercial
feed additives to adsorb multiple mycotoxins, an in vitro model was designed to simulate the GIT
conditions of monogastric animal using an automated dissolution USP Apparatus 2 (Vankel VK 7010,
Erweka, Germany) with an auto-controlled multi-channel peristaltic pump (Vankel VK 810, England).
Temperature of 40 ◦C and rotation speed of 100 rpm were used throughout the experiment. The first
GIT compartment simulated was the crop/oesophagus, 1.0 g of multi-mycotoxin contaminated feed
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and 20 mg of each feed additive were mixed with 40 mM of acetic acid, 0.2 M Na2 HPO4 and 5 M NaCl
buffer. Each tube was mixed to reach a pH value of 4.5–5.3 and incubated for 60 min. Subsequent
stomach/proventriculus simulation was performed by addition of 0.23 M HCl, 0.034 M NaCl and
5000 U of purified pepsin derived from pig stomach mucosa, to reach a pH between 1.9 and 3.7, tubes
were further incubated for 90 min. The final GIT compartment simulated was the intestine; here, 0.05 M
NaHCO3, pancreatin (0.5 mg/mL) and 0.4% bile salt were added to the tubes, the pH was increased
and ranged between 5.3 and 7.5. All samples were incubated further for 120 min. The total incubation
time for the in vitro digestion was 4 h and 30 min. Blank controls were prepared without the addition
of any feed additive, and all experiments were performed in quintuplicate. After incubation, 1 mL
of sample was withdrawn and mixed with 1 mL of 0.01% formic acid in acetonitrile, followed by a
rigorous vortex and centrifugation at 10,000× g for 30 min. Subsequently, 1 mL of supernatant was
dried under gentle nitrogen stream (35 ◦C) and residue was re-dissolved in 0.5 mL of methanol, filtered
through 0.2 μm PTFE filter and transferred to a glass vial for LC-MS/MS analysis.

4.4. LC-MS/MS Analysis of Mycotoxins

AFB1, DON, ZEN, T-2, FB1 and OTA were analysed using an Acquity UPLC I-Class system
coupled to a Xevo TQ-S triple quadrupole mass spectrometer (MS) (both from Waters, Milford, USA),
which allowed the simultaneous determination of the toxins. Data acquisition and instrument control
were performed by Masslynx software (Waters, Milford, MA). For the UPLC, the column used was
a Cortecs C18 100 mm × 2.1 mm i.d., 1.6 μm (Waters, Milford, USA) and mobile phases consisted
of A —water and B—methanol: acetonitrile (1:1, v/v). Both contained 0.1% formic acid and 1mM
ammonium formate. Chromatographic separation was achieved through a gradient elution program
as follows: 0–2 min, 99% A/1% B; 2–3 min 30% A/70% B, 3–5.5 min, 1% A/99% B; 5.5–6.5 min, 99%A/1%
B; 6.5–7 min, 99% A/1% B. Column temperature was maintained at 40 ◦C, and the flow rate and
injection volume were set at 0.4 mL/min and 1 μL respectively. ESI-MS/MS was performed in a multiple
reaction monitoring mode (MRM) at positive polarity. The m/z transitions for quantification were
313.2 > 241.2, 297.3 > 249.5, 319.3 > 282.9, 466.5 > 245.1, 721.83 > 335.1, 403.8 > 238.8 for AFB1, DON,
ZEN, T-2, FB1 and OTA respectively. The ion source parameters were as follows: capillary voltage,
1 kV; desolvation temperature, 600 ◦C; source temperature, 150 ◦C; cone gas flow, 50 L/h; desolvation
gas flow, 1000 L/h. Collision energy and cone voltage were optimised by an infusion of each compound
using the IntelliStart function.

4.5. Method Performance

For quantification, a seven-point calibration curve was prepared for each mycotoxin in the
following concentration range: 0.5−50 ng/mL for AFB1, 10−5000 ng/mL for FB1, 5–500 ng/mL for ZEN,
T-2 and OTA, and 10−2000 ng/mL for DON. To evaluate the effects of the matrix on MS quantification,
matrix-induced suppression/enhancement (SSE) was determined by comparing the response of matrix
spiked with seven different concentrations of each mycotoxin to a neat solvent standard at the same
concentrations. The experiment was performed for buffer solutions (pH 3, pH 7) and gastrointestinal
fluid (GF) in triplicate at three different times. SSE was calculated as the ratio of calibration curve slope
for matrix-matched standards and neat solvent standards multiplied by 100. Limits of detection and
limits of quantification (LOQ) of each mycotoxin were calculated at a signal-to-noise ratio of 3:1 and
10:1, respectively, based on a matrix-matched calibration in buffer solutions and GF. The coefficients of
determination (R2) for selected mycotoxins in the three matrices (pH 3, pH 7 and GF) ranged from
0.9901 to 0.9995. The retention times of the analyte in the sample extract were checked to correspond to
that of the calibration standards and was within a tolerance of ± 0.1 min. Also, the ion ratios were
within 25% of that obtained from the calibration standard for all analytes. SSE and LOQs values
obtained for mycotoxins in the three matrices are reported in Table 4. Figure 1 shows chromatograms
obtained for the six mycotoxins in a spiked feed sample.
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Table 4. Signal suppression-enhancement/relative standard deviation (SSE/RSD) and limit of
quantification (LOQ) obtained for deoxynivalenol (DON), zearalenone (ZEN), fumonisins B1 (FB1),
ochratoxin A (OTA), T-2 and aflatoxin B1 (AFB1) and validated matrices—pH 3, pH 7 and gastrointestinal
fluid (GF).

Matrix DON ZEN FB1 OTA T-2 AFB1

pH 3 SSE/RSD (%) 95/2.1 98/2.4 113/3.2 97/3.9 78/2.7 96/0.9
LOQ (ng/mL) 2.5 2.5 5 0.4 2.5 0.13

pH 7 SSE/RSD (%) 78/2.6 97/2.7 83/3.1 102/4.1 88/3.4 100/1.2
LOQ (ng/mL) 2.5 2.5 5 0.4 2.5 0.13

GF
SSE/RSD (%) 89/3.2 92/6.8 123/5.7 103/4.9 79/7.4 87/4.6
LOQ (ng/mL) 2.5 5 5 0.8 5 0.25

Figure 1. UPLC-MS/MS chromatograms of spiked feed sample (A) at 10 μg/kg for deoxynivalenol
(DON), (B) 5 μg/kg for zearalenone (ZEN), (C) 10 μg/kg for fumonisin (FB1), (D) 2 μg/kg for ochratoxin
A (OTA), (E) 5 μg/kg for T-2 toxin, (F) 0.5 μg/kg for aflatoxin B1 (AFB1).
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4.6. Quantification of Mycotoxins and Statistical Analysis

The percentage adsorption of mycotoxins by each product was calculated as follows:

Adsorption (%) = (Cb − Ct)/Ct × 100.

where Cb is the mycotoxin concentration in blank spiked buffer solutions (ng/mL); and Ct, the amount
of mycotoxin in the supernatant of sample (ng/mL). The data obtained were analysed using TargetLynx
processing software (Waters, Wilmslow, UK) and Prism® version 8 (San Diego, CA, USA). The means
of treatments showing significant differences in two and three-way ANOVA were compared using
Tukey’s honestly significance difference multiple-comparisons post-test. All statements of significance
are based on the 0.05 level of probability.
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Abstract: Mycotoxins are produced by fungi and are potentially toxic to pigs. Yeast cell wall extract
(YCWE) is known to adsorb mycotoxins and improve gut health in pigs. One hundred and twenty
growing (56 kg; experiment 1) and 48 nursery piglets (6 kg; experiment 2) were assigned to four
dietary treatments in a 2 × 2 factorial design for 35 and 48 days, respectively. Factors were mycotoxins
(no addition versus experiment 1: 180 μg/kg aflatoxins and 14 mg/kg fumonisins; or experiment 2:
180 μg/kg aflatoxins and 9 mg/kg fumonisins, and 1 mg/kg deoxynivalenol) and YCWE (0% versus
0.2%). Growth performance, blood, gut health and microbiome, and apparent ileal digestibility (AID)
data were evaluated. In experiment 1, mycotoxins reduced ADG and G:F, and duodenal IgG, whereas
in jejunum, YCWE increased IgG and reduced villus width. In experiment 2, mycotoxins reduced BW,
ADG, and ADFI. Mycotoxins reduced ADG, which was recovered by YCWE. Mycotoxins reduced the
AID of nutrients evaluated and increased protein carbonyl, whereas mycotoxins and YCWE increased
the AID of the nutrients and reduced protein carbonyl. Mycotoxins reduced villus height, proportion
of Ki-67-positive cells, and increased IgA and the proportion of bacteria with mycotoxin-degrading
ability, whereas YCWE tended to increase villus height and reduced IgA and the proportion of
pathogenic bacteria in jejunum. The YCWE effects were more evident in promoting gut health and
growth in nursery pigs, which showed higher susceptibility to mycotoxin effects.

Keywords: mycotoxin; prevention; reduction strategies

Key Contribution: The current study suggests that susceptibility of pigs to mycotoxins depends on
their ages and health status of gastrointestinal and immune systems. The YCWE showed a protective
role against mycotoxins, improving pig growth and health mainly in nursery pigs in comparison to
growing pigs.

1. Introduction

Mycotoxins are toxic secondary metabolites produced by certain species of fungi growing on
cereal grains and feedstuffs [1]. Cereal grains such as corn, sorghum, and wheat have been used in the
United States as the main feedstuffs in swine production. However, these feedstuffs are frequently
contaminated with several types of co-occurring mycotoxins and contribute significantly to the overall
contamination in compound feeds and potential impact on animal performance and health. Amongst
hundreds of mycotoxins potentially contaminating feedstuffs, the response in pigs to the presence of
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aflatoxin B1 (AFB1), deoxynivalenol (DON), and fumonisin B1 (FB1) has been well documented [1].
Mycotoxicosis can impact gut health, alter immune function, and susceptibility of the animal to other
contaminants or pathogens causing organ damage in pigs. The harmful effects of mycotoxin eventually
lead to reduced growth performance of pigs [1–4].

Although feeding pigs without mycotoxins is the ultimate approach to counteract their impact,
mycotoxin contamination in feeds is unavoidable [5]. In the United States, the Food and Drug
Administration (FDA) limits aflatoxins (AF) concentration for immature pigs at 20 μg/kg of feed.
For DON and fumonisins (FUM), there is no upper limit, but the FDA has advisory levels of
1 mg/kg of feed and 2 mg/kg of feed for DON and FUM, respectively. Therefore, various strategies
to reduce mycotoxicosis have been investigated in pig production. Adsorbents have been used
to mitigate mycotoxicosis by directly decreasing the mycotoxin bioavailability, and consequently,
by indirectly reducing the inflammatory response, improving intestinal health, and by preventing
oxidative stress [1–4]. Organic adsorbents, such as yeast cell wall and algae-based carbohydrates
have shown that their ß-D-glucans composition and tridimensional network were able to chemically
adsorb mycotoxins in vitro [6–9], reduce the absorption of mycotoxins in the small intestine [10],
decrease the accumulation of mycotoxins in specific organs, and increase their clearance [11], thus
protecting the vital organs against mycotoxin exposure. Thus, it is hypothesized that yeast cell wall
extract (YCWE) supplementation might mitigate the adverse effects of pig diets naturally contaminated
with mycotoxins.

The objective of this study was to determine the effects of YCWE (Mycosorb™ A+, Alltech, KY,
USA) derived from the cell wall of Saccharomyces cerevisiae and a heterotrophically grown microalgae
on the growth performances and gut health variables, such as gut integrity and permeability, oxidative
stress, immune response, and microbiome in pigs fed diets with naturally contaminated mycotoxins
(AFB1, DON, and FB1).

2. Results

2.1. Experiment 1

2.1.1. Growth Performance

There were no effects of mycotoxins, YCWE, or interaction in body weights of pigs during the
first 7 days (Table 1). From day 7 to 14, feeding diets with mycotoxins tended to reduce (p = 0.099)
body weight, but this trend did not continue during the later periods. From day 21 to 35, there were no
effects of mycotoxins, YCWE, or interaction in body weights of pigs.

During the first 7 days, feeding diets with mycotoxins reduced (p < 0.05) average daily gain
(ADG) and feeding diets with YCWE tended to reduce (p = 0.088) ADG. However, there were no effects
of mycotoxins, YCWE, or interaction in ADG of pigs after the first 7 days. There were no effects of
mycotoxins, YCWE, or interaction in average daily feed intake (ADFI) of pigs until day 28, whereas
feeding diets with YCWE tended to further reduce (p = 0.073) the ADFI of pigs during days 28 to 35.
Feeding diets with mycotoxins reduced (p < 0.05) the gain to feed ratio (G:F) of pigs during the first
7 days, whereas it tended to increase (p = 0.098) G:F during days 14 to 21. During the entire 35-day
period, there were no effects of mycotoxins, YCWE, or interaction in ADG, ADFI, and G:F of pigs.
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Table 1. Growth performance of pigs fed diets with mycotoxins (MT) and yeast cell wall extract
(YCWE1) (YC) in experiment 1.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Body Weight, kg

Initial 55.7 55.6 55.7 55.8 3.1 0.687 0.929 0.608
Day 7 59.7 58.8 58.8 58.6 3.6 0.151 0.176 0.405
Day 14 68.9 68.0 67.8 67.2 3.8 0.099 0.178 0.758
Day 21 75.8 74.7 74.7 74.8 4.1 0.444 0.409 0.335
Day 28 82.5 80.8 81.2 82.1 4.3 0.547 0.262 0.197
Day 35 90.5 88.3 88.5 88.4 4.5 0.255 0.205 0.228
ADG2, kg
Day 0 to 7 1.342 1.078 1.047 0.937 0.211 0.048 0.088 0.470
Day 7 to 14 1.311 1.303 1.282 1.229 0.054 0.271 0.506 0.626
Day 14 to 21 0.985 0.956 0.987 1.083 0.118 0.221 0.520 0.231
Day 21 to 28 0.963 0.880 0.928 0.933 0.067 0.879 0.492 0.442
Day 28 to 35 1.142 1.074 1.037 1.012 0.105 0.220 0.484 0.745
Overall 1.124 1.055 1.057 1.052 0.071 0.201 0.178 0.249
ADFI3, kg
Day 0 to 7 2.733 2.502 2.597 2.579 0.142 0.788 0.256 0.330
Day 7 to 14 3.075 2.825 2.828 2.847 0.170 0.174 0.166 0.107
Day 14 to 21 2.889 2.774 2.813 2.785 0.232 0.741 0.472 0.659
Day 21 to 28 2.588 2.606 2.430 2.683 0.233 0.781 0.358 0.421
Day 28 to 35 3.093 2.828 2.872 2.672 0.252 0.145 0.073 0.796
Overall 2.894 2.733 2.713 2.721 0.183 0.165 0.272 0.225
G:F4

Day 0 to 7 0.472 0.423 0.396 0.364 0.064 0.044 0.216 0.798
Day 7 to 14 0.434 0.461 0.457 0.435 0.024 0.925 0.896 0.151
Day 14 to 21 0.340 0.346 0.353 0.390 0.022 0.098 0.209 0.372
Day 21 to 28 0.381 0.344 0.390 0.355 0.026 0.683 0.137 0.960
Day 28 to 35 0.369 0.382 0.358 0.379 0.019 0.697 0.339 0.788
Overall 0.389 0.388 0.390 0.387 0.007 0.937 0.627 0.865

1 YCWE: yeast cell wall extract; 2 ADG: average daily gain; 3 ADFI: average daily feed intake; 4 G:F: gain to feed
ratio. MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1 and 14 mg/kg
fumonisin B1 by replacing the clean corn with naturally mycotoxin-contaminated corn; YC 0%: no addition of
YCWE (Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed.

2.1.2. Hematological Measurements

Feeding diets with mycotoxins reduced (p < 0.05) neutrophils blood levels on day 28 (Table 2).
Feeding diets with YCWE did not influence cell counts in blood on day 28. There was a tendency
(p = 0.099) for an interaction between feeding diets with mycotoxins and with YCWE in the lymphocyte
count in blood, indicating that YCWE tended to increase (p < 0.10) lymphocyte count in pigs fed
diets without mycotoxins, whereas this tendency disappeared when mycotoxins were introduced.
There were no effects of mycotoxins, YCWE, or interaction in red or white blood cells, hemoglobin,
hematocrit, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin
concentration, platelet, monocytes, eosinophils, or basophils of pigs.
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Table 2. Cell counts in blood of pigs fed diets with mycotoxins (MT) and YCWE1 (YC) on day 28 in
experiment 1.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

RBC2, 106/μL 6.84 6.90 7.05 6.80 0.23 0.687 0.601 0.387
Hemogblobin, g/dL 12.43 12.48 12.64 11.95 0.45 0.709 0.317 0.254
Hematocrit, % 40.91 40.63 41.05 38.79 1.38 0.495 0.189 0.317
MCV3, fL 59.70 58.70 58.39 57.22 1.19 0.124 0.286 0.988
MCH4, pg 18.22 18.12 17.96 17.62 0.36 0.217 0.527 0.755
MCHC5, g/dL 30.47 30.81 30.79 30.79 0.21 0.492 0.420 0.412
Platelet count, mL 185.9 144.0 133.7 152.4 27.1 0.394 0.618 0.237
WBC6, 103/μL 20.52 21.43 19.91 18.83 1.36 0.236 0.950 0.470
Neutrophils, cell/mL 7.89 6.66 5.89 5.77 0.72 0.003 0.139 0.225
Lymphocytes, cell/mL 10.97A 13.05B 12.47AB 11.30AB 0.97 0.868 0.614 0.099
Monocytes, cell/mL 1.04 1.13 0.96 1.13 0.15 0.777 0.397 0.781
Eosinophils, cell/μL 543 499 518 484 84 0.812 0.636 0.949
Basophils, cell/μL 109 128 130 66 45 0.585 0.545 0.271
1 YCWE: yeast cell wall extract; 2 RBC: red blood cells; 3 MCV: mean corpuscular volume; 4 MCH: mean corpuscular
hemoglobin; 5 MCHC: mean corpuscular hemoglobin concentration; 6 WBC: white blood cells. MT-: diet without
aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1 and 14 mg/kg fumonisin B1 by replacing
the clean corn with naturally mycotoxin-contaminated corn; YC 0%: no addition of YCWE (Mycosorb A+, Alltech,
Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed. AB Means within a row lacking a common
superscript tend to differ (0.05 ≤ p < 0.1).

2.1.3. Serum Biochemical Measurements

Feeding diets with mycotoxins increased (p < 0.05) serum albumin concentration of pigs, and
there was a tendency (p = 0.074) for an interaction between feeding diets with mycotoxins and with
YCWE for albumin on day 28 (Table 3). Feeding diets with YCWE reduced serum albumin in pigs
fed diets without mycotoxins, whereas feeding diets with YCWE increased serum albumin in pigs
fed diets with mycotoxins. There were no effects of mycotoxins, YCWE, or interaction in globulin,
albumin-to-globulin ratio, total protein, or most hepatic enzymes evaluated (aspartate aminotransferase,
alanine aminotransferase, and creatine phosphokinase) in serum of pigs. Feeding diets with mycotoxins
tended to increase (p = 0.098) alkaline phosphatase, tended to reduce (p = 0.088) blood urea nitrogen
(BUN), and tended to increase (p = 0.051) glucose in serum of pigs. Feeding diets with mycotoxins
decreased (p < 0.05) cholesterol level in serum of pigs. There were no effects of mycotoxins, YCWE,
or interaction in creatinine or BUN-to-creatinine ratio in serum of pigs. Feeding diets with YCWE
tended to increase chloride (p = 0.081) and sodium (p = 0.064) in serum. Feeding diets with mycotoxins
tended to decrease (p = 0.064) potassium and tended to increase (p = 0.053) sodium-to-potassium ratio
in serum. There were no effects of mycotoxins, YCWE, or interaction in calcium levels of pigs.
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Table 3. Hematological measurements in serum of pigs fed diets with mycotoxins (MT) and YCWE1

(YC) on day 28 in experiment 1.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Total protein, g/dL 6.44 6.18 6.49 6.36 0.12 0.309 0.090 0.573
Albumin, g/dL 3.60 3.48 3.62 3.73 0.08 0.042 0.950 0.074
Globulin, g/dL 2.84 2.70 2.87 2.66 0.11 0.948 0.106 0.731
A to G ratio2 1.28 1.29 1.27 1.40 0.06 0.389 0.231 0.319
AST3, U/L 23.25 27.88 22.72 20.36 2.71 0.111 0.712 0.144
ALT4, U/L 19.38 20.63 20.03 17.83 1.76 0.507 0.769 0.291
ALP5, U/L 132 143 149 157 10 0.098 0.301 0.947
CPK6, U/L 1,230 1,749 1,119 1,358 254 0.287 0.113 0.552
BUN7, mg/dL 14.75 13.75 13.08 12.33 1.84 0.088 0.336 0.868
Creatinine, mg/dL 1.30 1.40 1.30 1.25 0.08 0.197 0.629 0.189
BUN-to-creatinine ratio 11.50 10.25 10.07 10.34 1.85 0.385 0.526 0.330
Cholesterol, mg/dL 86.13 85.25 79.89 74.29 3.65 0.019 0.354 0.497
Glucose, mg/dL 72.50 77.13 82.90 79.27 4.14 0.051 0.873 0.189
Ca, mg/dL 10.59 10.54 10.66 10.76 0.13 0.232 0.821 0.519
Cl, mEq/L 100.6 101.5 100.0 101.1 0.86 0.384 0.081 0.807
Na, mEq/L 145.4 147.5 145.8 146.0 0.65 0.374 0.064 0.129
K, mEq/L 5.28 5.35 5.06 4.95 0.22 0.064 0.914 0.566
Na to K ratio 27.63 27.75 28.96 29.90 1.06 0.053 0.553 0.652
P, mg/dL 9.16 9.03 8.82 8.86 0.16 0.100 0.721 0.577
1 YCWE: yeast cell wall extract; 2 A to G ratio: albumin to globulin ratio; 3 AST: aspartate aminotransferase; 4

ALT: alanine aminotransferase; 5 ALP: alkaline phosphatase; 6 CPK: creatine phosphokinase; and 7 BUN: blood
urea N. MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1 and 14 mg/kg
fumonisin B1 by replacing the clean corn with naturally mycotoxin-contaminated corn; YC 0%: no addition of
YCWE (Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed.

2.1.4. Immunological and Oxidative Stress Measurements

No effects of mycotoxins, YCWE, or interaction were found in the concentrations of tumor necrosis
factor-alpha (TNF-α) in duodenal and jejunal mucosa as well as in serum of pigs (Table 4). Feeding
diets with mycotoxins increased (p < 0.05) duodenal immunoglobulin G (IgG). Feeding diets with
YCWE reduced (p < 0.05) serum 8-hydroxy-2′-deoxyguanosine (8-OHdG) of pigs. For instance, in pigs
fed diets with mycotoxins, there was a reduction of the levels of serum 8-OHdG down to 0.26 ng/mL
when YCWE was included, whereas when no YCWE was added, there was increased oxidation with
up to 1.66 ng/mL of 8-OHdG. There was an interaction (p < 0.05) between mycotoxins and YCWE,
where a reduced (p < 0.05) jejunal IgG concentration was observed in pigs fed diets with mycotoxins
with the addition of YCWE, whereas feeding with YCWE increased (p < 0.05) jejunal IgG levels in
animals not challenged with mycotoxins. A tendency (p = 0.096) for an interaction was observed for
serum IgG, indicating that YCWE increased (p < 0.05) serum IgG concentration in pigs, whereas this
effect disappeared when mycotoxins were introduced. No effects of mycotoxins, YCWE, or interaction
were observed on oxidative stress, concentrations of malondialdehydes (MDA) in duodenal and jejunal
mucosa or in serum of pigs.
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Table 4. Immunological and oxidative stress parameters in duodenal and jejunal mucosa and serum of
pigs fed diets with mycotoxins (MT) and YCWE1 (YC) in experiment 1.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Immunological Parameters

Duodenal TNF-α2, pg/mg protein 8.79 6.96 8.69 8.91 0.81 0.261 0.331 0.217
Jejunal TNF-α, pg/mg protein 6.56 5.53 5.36 5.80 0.75 0.490 0.659 0.281
Serumal TNF-α, pg/mL 183 187 169 173 11 0.206 0.726 0.959
Duodenal IgG3, μg/mg protein 2.77 4.26 5.36 4.61 0.71 0.049 0.605 0.128
Jejunal IgG, μg/mg protein 1.75 a 2.95 b 2.96 b 2.40 ab 0.37 0.255 0.274 0.005
Serumal IgG, mg/mL 7.92 8.04 9.49 7.75 0.85 0.240 0.143 0.096
Oxidative Stress Parameters

Duodenal MDA4, nmol/mg protein 0.82 0.73 0.68 0.96 0.12 0.701 0.415 0.123
Jejunal MDA, nmol/mg protein 1.14 1.20 0.99 1.08 0.38 0.561 0.747 0.959
Serumal MDA, μM 15.94 14.74 15.80 15.22 5.39 0.915 0.575 0.845
Serumal 8-OHdG5, ng/mL 1.29 0.93 1.66 0.26 0.49 0.737 0.049 0.235

1 YCWE: yeast cell wall extract; 2 TNF-α: tumor necrosis factor-alpha; 3 IgG: immunoglobulin G; 4 MDA:
malondialdehydes; 5 8-OHdG: 8-hydroxy-2’-deoxyguanosine. MT-: diet without aflatoxin B1 and fumonisin B1;
MT+: inclusion of 180 μg/kg aflatoxin B1 and 14 mg/kg fumonisin B1 by replacing the clean corn with naturally
mycotoxin-contaminated corn; YC 0%: no addition of YCWE (Mycosorb A+, Alltech, Nicholasville, KY, USA); YC
0.2%: YCWE added at 2 g/kg of feed. ab Means within a row lacking a common superscript differ (p < 0.05).

2.1.5. Histomorphometry of Duodenum and Jejunum

There were no effects of mycotoxins, YCWE, or interaction on villus height or villus width in
duodenum of pigs (Table 5). Feeding diets with YCWE showed a tendency (p = 0.051) for reducing
crypt depth in duodenum histomorphometry. No effects of mycotoxins, YCWE, or interaction were
observed on villus height-to-crypt depth ratio in duodenum of pigs. Feeding diets with YCWE reduced
(p < 0.05) villus width in jejunum. There were no effects of mycotoxins, YCWE, or interaction on villus
height, crypt depth, and villus height-to-crypt depth ratio in jejunum of pigs.

Table 5. Intestinal morphology of pigs fed diets with mycotoxins (MT) and YCWE1 (YC) in experiment 1.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Duodenum

Villus height (VH), μm 516 484 498 491 19 0.770 0.306 0.509
Villus width, μm 115 112 111 108 5.8 0.323 0.442 1.000
Crypt depth (CD), μm 295 253 275 268 13 0.840 0.051 0.141
VH to CD ratio 1.77 1.93 1.83 1.83 0.08 0.761 0.192 0.233
Jejunum

Villus height, μm 482 495 495 495 36 0.845 0.845 0.842
Villus width, μm 119 101 116 108 5.3 0.685 0.018 0.324
Crypt depth, μm 238 235 243 245 8.9 0.368 0.950 0.798
VH-to-CD ratio 2.04 2.11 2.05 2.01 0.16 0.758 0.899 0.646
1 YCWE: yeast cell wall extract. MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg
aflatoxin B1 and 14 mg/kg fumonisin B1 by replacing the clean corn with naturally mycotoxin-contaminated corn;
YC 0%: no addition of YCWE (Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg
of feed.

2.2. Experiment 2

2.2.1. Growth Performance

There were no effects of mycotoxins, YCWE, or interaction on body weight of pigs during the first
5 days among pigs in treatment groups (Table 6). Feeding diets with mycotoxins tended to reduce
(p = 0.079) pig body weight at day 15 and significantly reduced (p < 0.05) pig body weight in all periods
between days 20 and 48. Feeding diets with YCWE showed a tendency (p = 0.057) for reducing body
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weight of pig on days 10 and 20, and significantly decreased (p < 0.05) pig body weight on day 15.
Feeding diets with mycotoxins tended to decrease (p = 0.020) ADG of pigs from day 10 to 15 and
significantly reduced (p < 0.05) ADG from day 15 to 20, as well as for all periods between days 20 and
48. Feeding diets with YCWE decreased (p < 0.05) ADG from day 0 to 5, from day 5 to 10, and for the
phase 1 period. There were no effects of mycotoxins, YCWE, or interaction on ADG of pigs from 20
to 27 days. There was a tendency (p = 0.096) for an interaction on ADG of pigs from 27 to 34 days,
indicating that mycotoxins tended to reduce ADG but the tendency disappeared with YCWE addition.
There was an interaction (p < 0.05) on pig ADG from day 34 to 41, indicating that mycotoxins reduced
ADG but YCWE successfully recovered ADG reduction. Feeding diets with mycotoxins reduced
(p < 0.05) ADG of pigs for all periods from day 27 until the end of the experimental period, phase 2,
and the overall period. Feeding diets with YCWE reduced (p < 0.05) ADFI of pigs for the periods
evaluated during the first 15 days of the study and tended to decrease (p = 0.065) ADFI during phase 1.
Feeding diets with mycotoxins reduced (p < 0.05) ADFI of pigs for all periods from day 5 to the end of
the study, for phase 1, phase 2, and the overall periods. Feeding diets with YCWE tended to lower
(p = 0.054) G:F for the first 5 days of the study. There was a tendency (p = 0.054) for an interaction from
day 5 to 10, where feeding diets with mycotoxins alone tended to increase G:F, whereas feeding diets
with mycotoxins and YCWE tended to reduce G:F of pigs. There were no effects of mycotoxins, YCWE,
or interaction for G:F from day 10 to 34 or for phase 1 of pigs. Feeding diets with mycotoxins tended to
increase (p = 0.078) G:F of pigs from day 41 to 48, and significantly increased (p < 0.05) G:F during
phase 2 and the overall periods. Feeding diets with YCWE increased (p < 0.05) G:F of pigs from day 35
to 48, as well as for phase 2, and tended to increase (p = 0.079) G:F in the overall period.

Table 6. Growth performance of weanling pigs fed diets with mycotoxins (MT) and YCWE1 (YC) in
experiment 2.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Body Weight, kg

Initial 6.0 6.0 6.0 6.0 0.2 1.000 0.632 0.905
Day 5 6.1 5.9 5.9 5.9 0.3 0.364 0.258 0.569
Day 10 6.9 6.7 6.8 6.4 0.3 0.293 0.057 0.473
Day 15 8.5 8.1 8.2 7.6 0.4 0.079 0.037 0.779
Day 20 10.8 10.3 10.2 9.3 0.4 0.030 0.066 0.638
Day 27 14.5 14.3 13.7 14.4 0.6 0.017 0.156 0.327
Day 34 19.6 18.6 17.4 16.4 0.7 0.001 0.129 0.940
Day 41 25.4 24.3 22.2 22.0 0.8 <0.001 0.370 0.514
Day 48 31.7 30.4 27.6 27.9 1.0 <0.001 0.589 0.348
ADG2, kg
Day 0 to 5 0.017 −0.017 −0.008 −0.024 0.014 0.205 0.048 0.489
Day 5 to 10 0.165 0.155 0.180 0.104 0.021 0.390 0.047 0.122
Day 10 to 15 0.321 0.278 0.265 0.243 0.029 0.082 0.210 0.673
Day 15 to 20 0.462 0.445 0.403 0.343 0.033 0.020 0.249 0.527
Day 20 to 27 0.529 0.567 0.506 0.444 0.044 0.103 0.783 0.259
Day 27 to 34 0.728 A 0.614 AB 0.521 B 0.569 AB 0.047 0.011 0.488 0.096
Day 34 to 41 0.831 a 0.819 a 0.686 b 0.795 a 0.034 0.006 0.110 0.045
Day 41 to 48 0.895 0.876 0.778 0.852 0.036 0.046 0.420 0.180
Phase 1 (day 0 to 20) 0.241 0.215 0.210 0.166 0.017 0.025 0.048 0.612
Phase 2 (day 20 to 48) 0.746 0.719 0.623 0.665 0.024 0.001 0.750 0.151
Overall 0.494 0.467 0.416 0.416 0.017 <0.001 0.420 0.440
ADFI3, kg

Day 0 to 5 0.083 c 0.053 d 0.066 0.049 0.008 0.212 0.005 0.403
Day 5 to 10 0.234 0.201 0.201 0.145 0.019 0.027 0.027 0.564
Day 10 to 15 0.433 0.402 0.372 0.303 0.024 0.002 0.039 0.428
Day 15 to 20 0.642 0.625 0.523 0.488 0.039 0.001 0.475 0.805
Day 20 to 27 0.786 0.805 0.643 0.630 0.043 <0.001 0.944 0.722
Day 27 to 34 1.060 0.944 0.783 0.789 0.056 <0.001 0.328 0.281
Day 34 to 41 1.245 1.136 1.036 1.046 0.064 0.010 0.327 0.284
Day 41 to 48 1.529 1.406 1.275 1.262 0.055 <0.001 0.156 0.245
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Table 6. Cont.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Phase 1 (day 0 to 20) 0.348 0.320 0.291 0.247 0.019 0.001 0.065 0.679
Phase 2 (day 20 to 48) 1.155 1.073 0.934 0.932 0.042 <0.001 0.301 0.324
Overall 0.752 0.700 0.613 0.589 0.028 <0.001 0.149 0.554
G:F4

Day 0 to 5 −0.043 −1.346 −0.299 −1.109 0.542 0.986 0.054 0.646
Day 5 to 10 0.718 0.769 0.873 A 0.632 B 0.074 0.904 0.210 0.055
Day 10 to 15 0.732 0.693 0.721 0.806 0.061 0.352 0.678 0.256
Day 15 to 20 0.731 0.705 0.771 0.709 0.036 0.547 0.226 0.632
Day 20 to 27 0.666 0.695 0.791 0.703 0.045 0.140 0.501 0.190
Day 27 to 34 0.689 0.640 0.663 0.716 0.034 0.447 0.949 0.117
Day 34 to 41 0.675 0.731 0.663 0.769 0.022 0.547 <0.001 0.263
Day 41 to 48 0.587 0.626 0.604 0.678 0.019 0.078 0.006 0.366
Phase 1 (day 0 to 20) 0.693 0.666 0.716 0.673 0.032 0.579 0.186 0.766
Phase 2 (day 20 to 48) 0.649 0.673 0.666 0.717 0.012 0.016 0.003 0.287
Overall 0.660 0.673 0.679 0.708 0.012 0.023 0.079 0.495

1 YCWE: yeast cell wall extract; 2 ADG: average daily gain; 3 ADFI: average daily feed intake; 4 G:F: gain to feed ration.
MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1, 1 mg/kg deoxynivalenol,
and 9 mg/kg fumonisin B1 by replacing the clean corn and clean wheat with naturally mycotoxin-contaminated
corn and wheat; YC 0%: no addition of YCWE (Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE
added at 2 g/kg of feed. ab Means within a row lacking a common superscript differ (p < 0.05). AB Means within a
row lacking a common superscript tend to differ (0.05 ≤ p < 0.1).

2.2.2. Apparent Ileal Digestibility

There were no effects of mycotoxins, YCWE, or interaction for dry matter apparent ileal digestibility
of pigs (Table 7). There was a tendency (p= 0.091) for an interaction, where feeding diets with mycotoxins
alone reduced (p < 0.05) apparent ileal digestibility of crude protein, whereas feeding diets with
mycotoxins and YCWE increased (p< 0.05) apparent ileal digestibility of crude protein of pigs. Similarly,
there was a tendency (p = 0.096) for an interaction, where feeding diets with mycotoxins alone reduced
(p < 0.05) apparent ileal digestibility of gross energy, whereas feeding diets with mycotoxins and
YCWE increased (p < 0.05) apparent ileal digestibility of gross energy of pigs. There was an interaction
(p < 0.05), where feeding diets with mycotoxins alone reduced (p < 0.05) apparent ileal digestibility of
ether extract, whereas feeding diets with mycotoxins and YCWE increased (p < 0.05) apparent ileal
digestibility of ether extract of pigs.

Table 7. Apparent ileal digestibility (AID) in weanling pigs fed diets with mycotoxins (MT) and YCWE1

(YC) in experiment 2.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

AID, %

Dry matter 69.7 70.0 64.0 70.7 2.39 0.243 0.106 0.144
Crude protein 78.5 78.9 75.5 b 80.1 a 1.25 0.479 0.049 0.091
Gross energy 70.9 AB 70.9 AB 65.1 B 72.6 A 2.35 0.354 0.097 0.096
Ether extract 81.8 ab 80.8 ab 76.6 b 83.5 a 1.88 0.483 0.113 0.032

1 YCWE: yeast cell wall extract. MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg
aflatoxin B1, 1 mg/kg deoxynivalenol, and 9 mg/kg fumonisin B1 by replacing the clean corn and clean wheat
with naturally mycotoxin-contaminated corn and wheat; YC 0%: no addition of YCWE (Mycosorb A+, Alltech,
Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed. ab Means within a row lacking a common
superscript differs (p < 0.05). AB Means within a row lacking a common superscript tend to differ (0.05 ≤ p < 0.1).

2.2.3. Hematological Measurements

There were no effects of mycotoxins, YCWE, or interaction for hematological measurements
on day 14 of pigs, except for neutrophils, where feeding diets with mycotoxins decreased (p < 0.05)
the concentration in blood (Table 8). Feeding diets with YCWE increased (p < 0.05) red blood cell
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count, whereas it tended to increase (p = 0.071) white blood cell count at 45 days. Feeding diets with
mycotoxins tended to increase (p = 0.052) hemoglobin concentration, whereas feeding diets with
YCWE tended to reduce (p = 0.086) hemoglobin concentration on day 45. Feeding diets with YCWE
reduced (p < 0.05) the percentage of hematocrit on day 45. There were no effects of mycotoxins, YCWE,
or interaction for mean corpuscular volume, mean corpuscular hemoglobin, or mean corpuscular
hemoglobin concentration of pigs on day 45. Feeding diets with YCWE tended to lower (p = 0.058)
platelet count on day 45. Feeding diets with YCWE decreased (p < 0.05) lymphocyte count on day 45.
There were no effects of mycotoxins, YCWE, or interaction for monocyte or eosinophil concentrations
of pigs on day 45.

Table 8. Hematology of weanling pigs fed diets containing mycotoxins (MT) and YCWE1 (YC) on days
14 and 45 in experiment 2.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

RBC2, 106/μL
Day 14 6.84 6.90 7.05 6.80 0.23 0.687 0.601 0.387
Day 45 6.86 6.30 6.91 6.68 0.17 0.194 0.023 0.313
Hemoglobin, g/dL

Day 14 12.43 12.48 12.64 11.95 0.45 0.709 0.317 0.254
Day 45 12.11 11.51 12.53 12.18 0.27 0.052 0.086 0.659
Hematocrit, %

Day 14 40.91 40.63 41.05 38.79 1.38 0.495 0.189 0.317
Day 45 41.58 38.92 42.33 40.17 1.15 0.392 0.043 0.830
MCV3, fL
Day 14 59.70 58.70 58.39 57.22 1.19 0.124 0.286 0.988
Day 45 60.50 61.75 61.25 60.25 0.85 0.660 0.883 0.192
MCH4, pg
Day 14 18.22 18.12 17.96 17.62 0.36 0.217 0.527 0.755
Day 45 17.67 18.31 18.14 18.32 0.25 0.330 0.104 0.347
MCHC5, g/dL
Day 14 30.47 30.81 30.79 30.79 0.21 0.492 0.420 0.412
Day 45 29.21 29.70 29.66 30.40 0.41 0.170 0.147 0.757
Platelet count, cell/mL

Day 14 185.9 144.0 133.7 152.4 27.1 0.394 0.618 0.237
Day 45 230.4 174.0 220.3 154.1 31.4 0.635 0.058 0.876
WBC6, 103/μL
Day 14 20.52 21.43 19.91 18.83 1.36 0.236 0.950 0.470
Day 45 18.62 16.30 18.68 16.25 1.28 0.997 0.071 0.966
Neutrophils, cell/mL

Day 14 7.89 6.66 5.89 5.77 0.72 0.003 0.139 0.225
Day 45 3.64 4.21 3.89 3.45 0.44 0.545 0.882 0.233
Lymphocytes, cell/mL

Day 14 10.97 13.05 12.47 11.30 0.97 0.868 0.614 0.100
Day 45 13.33 9.96 12.96 11.37 1.19 0.662 0.042 0.452
Monocytes, cell/mL

Day 14 1.04 1.13 0.96 1.13 0.15 0.777 0.397 0.781
Day 45 1.07 1.04 1.32 0.98 0.18 0.580 0.285 0.377
Eosinophils, cell/μL

Day 14 543 499 518 484 84 0.812 0.636 0.949
Day 45 502 451 478 434 78 0.786 0.529 0.954
1 YCWE: yeast cell wall extract; 2 RBC: red blood cells; 3 MCV: mean corpuscular volume; 4 MCH: mean corpuscular
hemoglobin; 5 MCHC: mean corpuscular hemoglobin concentration; 6 WBC: white blood cells. MT-: diet without
aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1, 1 mg/kg deoxynivalenol, and 9 mg/kg
fumonisin B1 by replacing the clean corn and clean wheat with naturally mycotoxin-contaminated corn and wheat;
YC 0%: no addition of YCWE (Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg
of feed.
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2.2.4. Serum Biochemical Measurements

Feeding diets with mycotoxins tended to decrease (p = 0.077) total protein concentration in serum
on day 45 (Table 9). Likewise, feeding diets with YCWE tended to reduce (p = 0.077) total protein
concentration in serum at 45 days. Feeding diets with mycotoxins tended to increase (p = 0.078)
albumin concentration on day 45 and to decrease (p = 0.071) globulin concentration on day 14. Feeding
diets with mycotoxins increased (p < 0.05) the albumin-to-globulin ratio on day 14. There was an
interaction (p < 0.05) for the albumin-to-globulin ratio on day 45, indicating that there was a reduction
of the albumin-to-globulin ratio when YCWE was added for pigs fed diets with no mycotoxins. There
was an interaction for cholesterol on day 45, indicating that there was a decrease in cholesterol level
when pigs were fed diets with mycotoxins and YCWE, in comparison to when pigs were fed diets
without mycotoxins but with YCWE. There was a tendency (p = 0.067) for an interaction for serum AST
on day 14, indicating that YCWE tended to reduce serum AST in pigs fed diets with mycotoxins but
the tendency disappeared in pigs fed diets without mycotoxins. Feeding diets with YCWE tended to
decrease (p = 0.091) serum alkaline phosphatase on day 14. Feeding diets with mycotoxins increased
(p < 0.05) creatinine concentration in serum on day 14. Feeding diets with mycotoxins reduced (p < 0.05)
cholesterol in serum on day 14. Feeding diets with YCWE decreased (p < 0.05) calcium levels, tended
to decrease (p = 0.083) sodium levels, and tended to increase (p = 0.081) chloride levels in serum on day
14. Feeding diets with mycotoxins tended to decrease (p = 0.064) potassium concentration and tended
to increase (p = 0.053) sodium-to-potassium in serum on day 14. There were no effects of mycotoxins,
YCWE, or interaction for alkaline phosphatase, BUN, BUN-to-creatinine ratio, phosphorus, glucose,
and creatine phosphokinase in serum of pigs neither on day 14 nor 45.

Table 9. Biochemical blood assay of weanling pigs fed diets containing mycotoxins (MT) or and YCWE1

(YC) on days 14 and 45 in experiment 2.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Total protein, g/dL

Day 14 4.65 4.64 4.67 4.57 0.09 0.742 0.542 0.606
Day 45 5.18 5.14 5.14 4.87 0.110 0.077 0.077 0.163
Albumin, g/dL

Day 14 2.65 2.58 2.70 2.69 0.06 0.164 0.506 0.605
Day 45 3.33 2.98 7.64 5.27 1.96 0.078 0.457 0.583
Globulin, g/dL

Day 14 2.00 2.06 1.97 1.82 0.08 0.071 0.539 0.167
Day 45 1.84 3.50 3.88 1.78 1.16 0.895 0.850 0.114
Albumin to globulin
ratio
Day 14 1.34 1.27 1.42 1.51 0.06 0.012 0.891 0.175
Day 45 1.84 a 1.47 b 1.62 ab 1.76 ab 0.09 0.723 0.218 0.009
AST2, U/L

Day 14 33.92 AB 38.83 AB 41.42 A 32.42 B 3.69 0.884 0.583 0.067
Day 45 21.33 23.42 31.08 23.50 4.60 0.193 0.463 0.201
ALT3, U/L
Day 14 22.17 25.50 22.42 24.33 1.85 0.806 0.165 0.704
Day 45 22.08 21.50 22.17 28.75 2.30 0.120 0.201 0.128
ALP4, U/L
Day 14 381 352 375 332 21 0.535 0.091 0.718
Day 45 311 256 271 278 22 0.693 0.278 0.165
CPK5, U/L
Day 14 1230 1749 1119 1358 254 0.287 0.113 0.552
Day 45 1224 1161 1931 1454 403 0.223 0.508 0.610
BUN6, mg/dL
Day 14 15.42 17.75 16.50 17.67 1.61 0.751 0.270 0.711
Day 45 10.83 11.50 10.33 11.00 0.52 0.345 0.210 1.000
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Table 9. Cont.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Creatinine, mg/dL

Day 14 0.75 0.75 0.78 0.88 0.04 0.035 0.154 0.154
Day 45 0.88 0.89 0.89 0.82 0.04 0.351 0.351 0.245
BUN-to-creatinine
ratio
Day 14 20.42 24.08 21.33 20.42 2.09 0.455 0.455 0.216
Day 45 12.67 13.25 11.75 13.58 0.791 0.715 0.135 0.435
Cholesterol, mg/dL

Day 14 86.13 85.25 79.89 74.29 3.65 0.019 0.354 0.497
Day 45 82.83 ab 86.25 a 83.92 ab 77.08 b 2.19 0.072 0.439 0.024
Glucose, mg/dL

Day 14 101.3 104.3 99.1 99.4 4.0 0.377 0.680 0.741
Day 45 110.8 113.1 112.9 113.0 3.9 0.757 0.719 0.738
Ca, mg/dL

Day 14 11.64 11.12 11.30 10.79 0.25 0.153 0.030 0.971
Day 45 11.31 10.96 11.02 11.13 0.14 0.683 0.416 0.108
Cl, mEq/L

Day 14 100.6 101.5 100.0 101.1 0.86 0.384 0.081 0.807
Day 45 101.6 102.8 101.3 102.1 0.615 0.442 0.112 0.726
Na, mEq/L

Day 14 144.4 143.3 145.3 143.5 0.86 0.534 0.083 0.678
Day 45 141.9 142.8 140.5 142.3 0.790 0.217 0.099 0.552
K, mEq/L

Day 14 5.28 5.35 5.06 4.95 0.22 0.064 0.914 0.566
Day 45 5.57 6.08 5.68 5.53 0.25 0.381 0.479 0.181
Na-to-K ratio

Day 14 27.63 27.75 28.96 29.90 1.06 0.053 0.553 0.652
Day 45 26.00 24.00 25.42 26.42 1.06 0.363 0.618 0.140
P, mg/dL

Day 14 9.20 9.06 9.03 8.52 0.27 0.184 0.227 0.493
Day 45 10.76 10.91 10.55 10.54 0.24 0.246 0.773 0.748

1 YCWE: yeast cell wall extract; 2 AST: aspartate aminotransferase; 3 ALT: alanine aminotransferase; 4 ALP: alkaline
phosphatase; 5 BUN: blood urea N; and 6 CPK: creatine phosphokinase. MT-: diet without aflatoxin B1 and
fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1, 1 mg/kg deoxynivalenol, and 9 mg/kg fumonisin B1 by
replacing the clean corn and clean wheat with naturally mycotoxin-contaminated corn and wheat; YC 0%: no
addition of YCWE (Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed. ab

Means within a row lacking a common superscript differ (p < 0.05). AB Means within a row lacking a common
superscript tend to differ (0.05 ≤ p < 0.1).

2.2.5. Jejunal Histomorphometry and Crypt Cell Proliferation

Feeding diets with mycotoxins reduced (p < 0.05) villus height in pig jejunum (Table 10). However,
feeding diets with YCWE tended to increase (p = 0.088) villus height in pig jejunum. Feeding diets
with mycotoxins tended to increase (p = 0.096) the width at the top of jejunal villus. There were no
effects of mycotoxins, YCWE, or interaction for the width in the middle or bottom of the villus, nor
for crypt depth and villus height/crypt depth ratio of pigs. Feeding diets with mycotoxins tended to
reduce (p = 0.091) the percentage of Ki-67 staining-positive cells in jejunum. Whereas, feeding diets
with YCWE tended to increase (p = 0.052) the percentage of cells positive to Ki-67 staining.
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Table 10. Jejunal morphology and crypt cell proliferation of weanling pigs fed diets with mycotoxins
(MT) or and YCWE1 (YC) in experiment 2.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Villus height (VH), μm 521 525 509 520 4.4 0.047 0.088 0.448
Villus width (top), μm 91 89 91 100 3.1 0.096 0.246 0.130
Villus width (middle), μm 118 113 111 114 3.3 0.401 0.673 0.258
Villus width (bottom), μm 124 119 121 117 4.3 0.476 0.257 0.870
Crypt depth (CD), μm 239 239 232 234 4.3 0.101 0.764 0.820
VH-to-CD ratio2 2.19 2.20 2.20 2.23 0.04 0.759 0.632 0.788
Ki-67, % 26.0 28.7 22.0 26.5 2.01 0.091 0.052 0.646

1 YCWE: yeast cell wall extract; 2 Ki-67: technique for staining proliferating cells in the crypt where results are
showed as a percentage of proliferating cells in comparison to all cells in the crypt. MT-: diet without aflatoxin B1
and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1, 1 mg/kg deoxynivalenol, and 9 mg/kg fumonisin B1
by replacing the clean corn and clean wheat with naturally mycotoxin-contaminated corn and wheat; YC 0%: no
addition of YCWE (Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed.

2.2.6. Immunological and Oxidative Stress Measurements

Feeding diets with mycotoxins increased (p < 0.05) immunoglobulin A (IgA) concentration in
jejunal mucosa of pigs. In the other hand, feeding diets with YCWE reduced (p< 0.05) IgA concentration
in jejunal mucosa of pigs. Feeding diets with YCWE tended to reduce (p = 0.055) TNF-α concentration
in jejunal mucosa of pigs. There was a tendency for an interaction (p = 0.083) for TNF-α concentration
in pig serum on day 14, where feeding diets with mycotoxins alone increased (p < 0.05) TNF-α
concentration in comparison to feeding diets with mycotoxins and YCWE (Table 11). There were no
effects of mycotoxins, YCWE, or interaction for serum concentrations of TNF-α, IgA, protein carbonyl,
or MDA on day 45 of pigs. On day 14, there were no effects of mycotoxins, YCWE, or interaction for
serum concentrations of IgA, IgG, protein carbonyl, or MDA of pigs. There was a tendency (p = 0.057)
for an interaction, where IgG concentration tended to be higher in pigs fed diets with only mycotoxins
than in diets with mycotoxins and YCWE on day 45. There were no effects of mycotoxins, YCWE,
or interaction for jejunal mucosa concentrations of IgG and MDA of pigs. There was an interaction
(p < 0.05), where feeding mycotoxins alone increased protein carbonyl concentration in jejunal mucosa
of pigs, whereas feeding mycotoxins and YCWE reduced the amount of protein carbonyl.
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Table 11. Immune response and oxidative stress markers of serum and jejunum in weanling pigs fed
diets with mycotoxins (MT) or and YCWE1 (YC) in experiment 2.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Tumor necrosis factor-α
Serum at day 14, pg/mL 124 A 124 A 151 B 127 A 6.8 0.031 0.084 0.083
Serum at day 45, pg/mL 61 61 68 61 2.5 0.180 0.115 0.147
Jejunal mucosa, ng/mg protein 708 668 730 562 58 0.429 0.055 0.233

Immunoglobulin A
Serum at day 14, mg/mL 0.42 0.33 0.41 0.37 0.05 0.701 0.183 0.554
Serum at day 45, mg/mL 0.57 0.55 0.67 0.61 0.06 0.187 0.515 0.752
Jejunal mucosa, μg/mg protein 5.83 5.57 6.85 6.12 0.24 0.002 0.037 0.318

Immunoglobulin G
Serum at day 14, mg/mL 3.19 3.59 3.33 3.05 0.30 0.469 0.831 0.226
Serum at day 45, mg/mL 2.62 AB 2.83 AB 3.04 A 2.51 B 0.21 0.787 0.418 0.057
Jejunal mucosa, μg/mg protein 1.04 1.42 1.11 1.02 0.19 0.379 0.441 0.208

Protein carbonyl
Serum at day 14, nmol/mg protein 1.91 2.00 2.16 1.85 0.15 0.730 0.458 0.189
Serum at day 45, nmol/mg protein 1.76 2.01 2.02 1.87 0.12 0.605 0.668 0.108
Jejunal mucosa, nmol/mg protein 2.33 2.31 2.83 a 2.51 b 0.08 0.001 0.026 0.047

Malondialdehydes
Serum at day 14, μM 8.90 9.49 11.17 9.91 1.23 0.255 0.774 0.429
Serum at day 45, μM 8.89 9.57 10.25 9.83 1.43 0.542 0.922 0.682
Jejunal mucosa, nmol/g protein 511 542 488 579 78 0.925 0.401 0.679
1 YCWE: yeast cell wall extract. MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg
aflatoxin B1, 1 mg/kg deoxynivalenol, and 9 mg/kg fumonisin B1 by replacing the clean corn and clean wheat
with naturally mycotoxin-contaminated corn and wheat; YC 0%: no addition of YCWE (Mycosorb A+, Alltech,
Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed. ab Means within a row lacking a common
superscript differ (p < 0.05). AB Means within a row lacking a common superscript tend to differ (0.05 ≤ p < 0.1).

2.2.7. Microbiome Analysis in Jejunal Mucosa

There were no effects of mycotoxins, YCWE, or interaction on pigs for the following bacterial
phylum sequences from jejunal mucosa: Actinobacteria, Firmicutes, Proteobacteria, Chlamydiae,
Deinococcus-Thermus, Fusobacteria, Nitrospirae, Tenericutes, and Verrucomicrobia (Table 12 and
Figure 1). There was an interaction (p < 0.05) for Bacteriodetes indicating that YCWE increased
Bacteriodetes in pigs fed diets with mycotoxins. There was a tendency (p = 0.062) for an interaction for
Spirochaetes, indicating that YCWE tended to increase Spirochaetes in pigs fed diets with mycotoxins.

Table 12. Bacterial phyla (expressed as a percentage of sequences) collected from jejunal mucosa of
weanling pigs fed diets with mycotoxins (MT) or and YCWE1 (YC), based on 16S rRNA gene sequencing
in experiment 2.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Actinobacteria 5.65 7.69 7.71 6.01 1.90 0.915 0.922 0.288
Bacteroidetes 8.64 ab 7.66 ab 5.93 b 19.63 a 3.52 0.182 0.069 0.037
Firmicutes 57.49 59.40 62.92 46.44 6.68 0.514 0.210 0.116
Proteobacteria 20.06 25.01 21.88 26.57 4.90 0.733 0.331 0.979
Spirochaetes 0.74 AB 0.16 AB 0.10 A 1.07 B 0.45 0.737 0.632 0.062
Chlamydiae 7.37 0.08 1.34 0.25 2.80 0.302 0.142 0.275
Deinococcus-Thermus 0.00 0.00 0.11 0.00 0.06 0.324 0.324 0.324
Fusobacteria 0.02 0.00 0.00 0.00 0.01 0.324 0.324 0.324
Nitrospirae 0.01 0.00 0.00 0.03 0.01 0.467 0.467 0.231
Tenericutes 0.01 0.00 0.00 0.01 0.01 0.965 0.965 0.161
Verrucomicrobia 0.00 0.00 0.01 0.00 0.01 0.324 0.324 0.324

1 YCWE: yeast cell wall extract. MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg
aflatoxin B1, 1 mg/kg deoxynivalenol, and 9 mg/kg fumonisin B1 by replacing the clean corn and clean wheat
with naturally mycotoxin-contaminated corn and wheat; YC 0%: no addition of YCWE (Mycosorb A+, Alltech,
Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed. ab Means within a row lacking a common
superscript differ (p < 0.05). AB Means within a row lacking a common superscript tend to differ (0.05 ≤ p < 0.1).
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Figure 1. Bacterial phyla (expressed as a percentage of relative abundance of sequences) collected
from jejunal mucosa of weanling pigs fed diets with mycotoxins (MT) or and yeast cell wall extract
(YC), based on 16S rRNA gene sequencing in experiment 2. Each pattern represents a particular
bacterial phylum. Phylum sequences that did not achieve 1% within each phylum were combined as
“Others”. MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin
B1, 1 mg/kg deoxynivalenol, and 9 mg/kg fumonisin B1 by replacing the clean corn and clean wheat
with naturally mycotoxin-contaminated corn and wheat; YC 0%: no addition of yeast cell wall extract
(YCWE; Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed.

There were no effects of mycotoxins, YCWE, or interaction on pigs for the percentage of
bacterial sequences from jejunal mucosa in pigs for the following bacterial families: Clostridiaceae,
Veillonellaceae, Ruminococcaceae, Propionibacteriaceae, Helicobacteraceae, Moraxellaceae,
Oxalobacteraceae, Oxalobacteraceae, Chlamydiaceae, Staphylococcaceae, Pseudomonadaceae,
Streptococcaceae, Paenibacillaceae, Succinivibrionaceae, Xanthomonadaceae, and for the total percent
of all families lower than 1.0% in each family (Table 13). Feeding diets with mycotoxins increased
(p < 0.05) the percentage of sequences from the family Lactobacillaceae. Feeding diets with YCWE
reduced (p < 0.05) the proportion of sequences from the family Prevotellaceae. Feeding diets with
YCWE tended to decrease (p = 0.064) the proportion of sequences from Eubacterium. Feeding diets
with YCWE decreased (p < 0.05) the percentage of sequences from Erysipelotrichaceae and tended to
decrease (p = 0.064) the proportion for Eubacterium in that family.
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Table 13. Bacterial families and genera (expressed as a percentage of sequences) collected from jejunal
mucosa of weanling pigs fed diets with mycotoxins (MT) or and YCWE1 (YC), based on 16S rRNA
gene sequencing in experiment 2.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Lactobacillaceae 13.95 20.02 32.20 35.86 6.68 0.011 0.451 0.851
Lactobacillus 13.95 20.02 32.20 35.86 6.68 0.011 0.451 0.851

Clostridiaceae 12.94 7.53 7.81 11.60 3.99 0.895 0.841 0.256
Clostridium 12.94 7.53 7.81 11.60 3.99 0.895 0.841 0.256

Prevotellaceae 14.84 7.77 11.38 3.73 3.78 0.295 0.044 0.935
Prevotella 14.84 7.77 11.38 3.73 3.78 0.295 0.044 0.935

Veillonellaceae 3.81 4.32 4.18 4.98 1.66 0.758 0.696 0.929
Dialister 0.10 0.31 0.22 0.13 0.10 0.762 0.576 0.129
Mitsuokella 0.52 1.56 1.75 2.75 0.91 0.192 0.271 0.981

Ruminococcaceae 2.37 3.54 2.65 4.57 2.03 0.707 0.379 0.831
Faecalibacterium 0.52 2.23 1.03 3.29 1.68 0.581 0.169 0.849
Ruminococcus 1.85 1.31 1.62 1.28 0.62 0.830 0.471 0.870

Propionibacteriaceae 2.46 5.03 2.59 2.86 0.93 0.249 0.110 0.194
Propionibacterium 0.02 0.00 0.01 0.00 0.01 0.542 0.215 0.542

Helicobacteraceae 2.50 5.10 0.80 3.92 2.90 0.623 0.329 0.930
Helicobacter 2.50 5.10 0.80 3.92 2.90 0.623 0.329 0.930

Bacillaceae 2.33 4.13 2.97 2.76 1.78 0.835 0.658 0.575
Anoxybacillus 0.50 1.63 1.32 0.12 0.69 0.615 0.957 0.097
Bacillus 1.65 2.35 1.55 2.46 1.66 0.999 0.631 0.949

Moraxellaceae 1.89 2.01 2.57 4.44 1.16 0.188 0.397 0.453
Acinetobacter 1.89 2.01 2.57 4.44 1.16 0.188 0.397 0.453

Lachnospiraceae 2.78 2.28 3.37 1.97 0.89 0.871 0.267 0.601
Roseburia 1.31 1.24 0.88 0.99 0.54 0.533 0.973 0.868

Oxalobacteraceae 1.06 0.25 0.16 0.34 0.34 0.244 0.365 0.160
Massilia 0.00 0.00 0.01 0.00 0.00 0.324 0.324 0.324

Enterobacteriaceae 3.65 0.83 1.42 2.90 1.29 0.919 0.632 0.097
Leclercia 0.12 0.00 0.00 0.00 0.06 0.324 0.324 0.324
Proteus 0.38 0.00 0.01 0.2 0.15 0.233 0.217 0.187
Trabulsiella 0.03 0.00 0.00 0.00 0.01 0.175 0.175 0.175
Turicibacter 0.34 0.19 1.35 0.38 0.52 0.125 0.144 0.241

Chlamydiaceae 0.04 8.24 0.70 0.05 2.79 0.185 0.184 0.121
Chlamydia 0.04 8.24 0.70 0.05 2.79 0.185 0.184 0.121

Staphylococcaceae 1.17 5.08 0.81 1.91 2.13 0.413 0.247 0.513
Staphylococcus 0.01 0.10 0.02 0.05 0.06 0.742 0.319 0.627

Pseudomonadaceae 0.68 3.19 1.61 1.63 1.04 0.752 0.212 0.216
Pseudomonas 0.58 2.96 1.52 1.43 1.03 0.760 0.247 0.212

Erysipelotrichaceae 2.72 0.45 2.93 0.98 0.92 0.665 0.017 0.853
Streptococcaceae 1.72 0.88 2.85 1.07 1.02 0.481 0.166 0.615

Streptococcus 1.72 0.88 2.85 1.07 1.02 0.481 0.166 0.615
Paenibacillaceae 6.17 0.75 0.17 0.15 2.08 0.121 0.198 0.201
Succinivibrionaceae 1.65 2.04 1.00 1.16 0.62 0.206 0.642 0.841

Succinivibrio 1.65 2.04 1.00 1.16 0.62 0.206 0.642 0.841
Xanthomonadaceae 3.88 0.20 0.35 0.53 1.79 0.369 0.326 0.279

Stenotrophomonas 0.04 0.00 0.00 0.03 0.02 0.673 0.673 0.121
Others2 17.44 16.36 17.60 12.62 3.74 0.634 0.423 0.604

1 YCWE: yeast cell wall extract; 2 Total percent combined of all family lower than 1.0% in each family. MT-: diet
without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1, 1 mg/kg deoxynivalenol, and 9
mg/kg fumonisin B1 by replacing the clean corn and clean wheat with naturally mycotoxin-contaminated corn and
wheat; YC 0%: no addition of YCWE (Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE added at 2
g/kg of feed.

There were no effects of mycotoxins, YCWE, or interaction on pigs for the percentage of
bacterial sequences from jejunal mucosa for the following bacterial species: Lactobacillus mucosae,
Clostridium perfringens, Propionibacterium acnes, Lactobacillus delbrueckii, Chlamydia suis, Lactobacillus sp.,
Clostridium butyricum, Dialister succinatiphilus, Faecalibacterium prausnitzii, Succinivibrio dextrinosolvens,
Massilia niabensis, Acinetobacter radioresistens, Streptococcus hyointestinalis, Mitsuokella jalaludinii,
Ruminococcus gauvreauii, Helicobacter equorum, Staphylococcus sciuri, Stenotrophomonas rhizophila,
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Helicobacter mastomyrinus, Mitsuokella multacida, Prevotella sp., Helicobacter rappini, Bacillus coagulans,
Eubacterium multiforme, Roseburia faecis, Clostridium hiranonis, Eubacterium biforme, and Lactobacillus
johnsonii (Table 14). Feeding diets with mycotoxins reduced (p < 0.05) the percentage of sequences from
Lactobacillus kitasatonis in jejunal mucosa of pigs. Feeding diets with YCWE increased (p < 0.05) the
proportion of sequences from Prevotella copri and Prevotella stercorea, whereas it decreased (p < 0.05) the
proportion from Lactobacillus equicursoris. Feeding diets with YCWE tended to increase the proportion
of sequences from Turicibacter sanguinis (p = 0.064) and Clostridium sp. (p = 0.075). Feeding diets with
mycotoxins tended to decrease the proportion of sequences from Leclercia adecarboxylata (p = 0.064) and
Trabulsiella odontotermitis (p = 0.067).

Table 14. Bacterial species (expressed as a percentage of sequences) collected from jejunal mucosa of
weanling pigs fed diets with mycotoxins (MT) or and YCWE1 (YC), based on 16S rRNA gene sequencing
in experiment 22.

Mycotoxins (MT) - + p Value

YCWE (YC) 0% 0.2% 0% 0.2% SEM MT YC MT × YC

Lactobacillus mucosae 8.18 16.63 7.17 9.19 3.83 0.259 0.164 0.389
Prevotella copri 2.49 8.85 5.62 11.62 3.02 0.306 0.036 0.951
Lactobacillus kitasatonis 17.58 5.50 3.01 1.06 4.51 0.031 0.107 0.241
Clostridium perfringens 7.07 3.18 5.34 8.56 3.82 0.636 0.930 0.358
Propionibacterium acnes 2.85 2.55 5.00 2.43 0.92 0.245 0.104 0.197
Lactobacillus delbrueckii 2.35 2.64 2.57 1.59 0.50 0.386 0.476 0.190
Chlamydia suis 0.05 0.70 8.22 0.04 2.78 0.184 0.184 0.120
Lactobacillus sp. 2.04 2.38 2.01 1.19 0.49 0.159 0.582 0.179
Lactobacillus equicursoris 2.99 0.37 3.90 0.13 1.49 0.820 0.039 0.701
Clostridium butyricum 2.15 2.77 1.00 1.05 0.93 0.133 0.725 0.759
Dialister succinatiphilus 2.75 1.75 1.56 0.52 0.91 0.192 0.271 0.981
Faecalibacterium prausnitzii 1.28 1.62 1.31 1.85 0.62 0.830 0.471 0.870
Succinivibrio dextrinosolvens 1.16 1.00 2.04 1.65 0.62 0.206 0.642 0.841
Massilia niabensis 1.51 1.60 1.49 1.23 0.56 0.679 0.858 0.715
Acinetobacter radioresistens 2.43 1.49 0.94 0.72 0.75 0.139 0.441 0.631
Prevotella stercorea 0.70 1.95 0.89 2.03 0.58 0.813 0.047 0.921
Streptococcus hyointestinalis 0.90 2.04 0.51 1.52 0.96 0.597 0.217 0.938
Mitsuokella jalaludinii 0.95 1.02 1.25 1.57 0.52 0.414 0.713 0.808
Ruminococcus gauvreauii 2.22 0.29 1.88 0.38 1.42 0.917 0.161 0.859
Helicobacter equorum 0.08 0.00 2.94 1.65 1.66 0.182 0.681 0.718
Staphylococcus sciuri 0.00 0.67 3.52 0.22 1.79 0.396 0.465 0.273
Turicibacter sanguinis 0.59 1.18 0.26 2.37 0.71 0.544 0.064 0.286
Stenotrophomonas rhizophila 0.24 0.24 0.10 3.73 1.77 0.349 0.311 0.312
Helicobacter mastomyrinus 2.22 0.41 1.25 0.41 1.04 0.642 0.207 0.643
Mitsuokella multacida 0.99 0.83 0.96 1.28 0.55 0.696 0.875 0.659
Leclercia adecarboxylata 1.65 0.73 0.48 0.64 0.40 0.064 0.257 0.106
Prevotella sp. 0.49 0.54 1.17 1.17 0.54 0.160 0.965 0.958
Helicobacter rappini 1.61 0.39 0.90 0.39 0.82 0.665 0.296 0.659
Bacillus coagulans 1.35 0.81 0.18 0.51 0.68 0.285 0.875 0.529
Clostridium sp. 0.21 0.41 0.19 1.74 0.48 0.182 0.075 0.164
Eubacterium multiforme 0.40 0.22 0.79 1.10 0.45 0.170 0.891 0.593
Roseburia faecis 0.46 0.70 0.65 0.68 0.34 0.806 0.684 0.749
Trabulsiella odontotermitis 1.11 0.53 0.33 0.40 0.28 0.067 0.292 0.190
Clostridium hiranonis 0.18 0.13 0.85 1.11 0.56 0.118 0.839 0.771
Eubacterium biforme 0.34 1.37 0.18 0.30 0.40 0.124 0.148 0.255
Anoxybacillus kestanbolensis 0.06 0.97 1.06 0.08 0.48 0.913 0.945 0.056
Lactobacillus johnsonii 0.52 0.96 0.38 0.17 0.32 0.324 0.324 0.324

1 YCWE: yeast cell wall extract; 2 Species that are lower than 0.5% in each species had their values combined in
the common genera. MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1,
1 mg/kg deoxynivalenol, and 9 mg/kg fumonisin B1 by replacing the clean corn and clean wheat with naturally
mycotoxin-contaminated corn and wheat; YC 0%: no addition of YCWE (Mycosorb A+, Alltech, Nicholasville, KY,
USA); YC 0.2%: YCWE added at 2 g/kg of feed.
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2.2.8. Tight Junction Proteins in Jejunum

There were no effects of mycotoxins, YCWE, or interaction for tight junction proteins in jejunal
mucosa of pigs (Figure 2).

 

Figure 2. Tight junction proteins of jejunal mucosa in weanling pigs fed diets with mycotoxin or/and
yeast cell wall extract. Zo-1: zona occludens-1 protein; MT-: diet without aflatoxin B1 and fumonisin
B1; MT+: inclusion of 180 μg/kg aflatoxin B1, 1 mg/kg deoxynivalenol, and 9 mg/kg fumonisin B1 by
replacing the clean corn and clean wheat with naturally mycotoxin-contaminated corn and wheat; YC
0%: no addition of yeast cell wall extract (YCWE; Mycosorb A+, Alltech, Nicholasville, KY, USA); YC
0.2%: YCWE added at 2 g/kg of feed.

3. Discussion

The present study was designed to test the efficacy of the YCWE (Mycosorb A+, Alltech Inc.
Kentucky) derived from the cell wall of Saccharomyces cerevisiae and algal material in nursery and
growing pigs challenged with AFB1, DON, and FB1 in naturally contaminated diets (Table 15).
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Table 15. Experimental design and mycotoxin contamination in feedstuff and diets for experiments 1
and 2.

Experiment 1 2

Treatments
MT-

YC 0%
MT-

YC 0.2%
MT+

YC 0%
MT+

YC 0.2%
MT-

YC 0%
MT-

YC 0.2%
MT+

YC 0%
MT+

YC 0.2%

Factor

Mycotoxin (MT) - - + + - - + +

YCWE1 (YC) - + - + - + - +
Pigs

Per treatment 30 30 30 30 12 12 12 12
Per pen 3 3 3 3 1 1 1 1
Period, d 35 35 35 35 48 48 48 48

Feedstuff

Ground yellow corn
Aflatoxins, mg/kg ND ND 2.8 2.8 ND ND 2.8 2.8
Fumonisins, mg/kg ND ND 170.2 170.2 ND ND 170.2 170.2
Zearalenone, mg/kg ND ND 1.1 1.1 ND ND 1.1 1.1
Wheat, soft red
Deoxynivalenol, mg/kg - - - - ND ND 7.3 7.3
Zearalenone, mg/kg - - - - ND ND 1.8 1.8
Diet2

YCWE, % - 0.2 - 0.2 - 0.2 - 0.2
Aflatoxin B1, μg/kg - - 180 180 - - 180 180
Fumonisin B1, mg/kg - - 14 14 - - 9 9
Deoxynivalenol, mg/kg - - - - - - 1 1

1 YCWE: yeast cell wall extract; 2 Contaminated corn and wheat were blended with corn and wheat without
mycotoxins in order to reach desired levels of mycotoxins in diets. Mycotoxin levels in feedstuffwere detected by
UPLC-MS/MS using Alltech 37+ program at Alltech (Nicholasville, KY, USA). ND: Not detected.

In nursery pigs, aflatoxin concentration up to 20 μg/kg has shown no impact on the growth
of pigs [3]. Nevertheless, the aflatoxin concentration at 180 μg/kg used in experiment 2 has shown
impairment on growth performance of nursery pigs, where a stronger impairment on growth
performance was noticed in comparison to growing pigs from experiment 1. In experiment 2,
feeding diets with mycotoxins had an obvious and negative effect on growth performance in nursery
pigs by reducing BW, ADG, and ADFI by 11%, 13%, and 17%, respectively. However, mycotoxins
increased G:F by 4% during the entire period. The compensatory improvement of G:F is possibly due
to the reduction in feed intake [12]. Mycotoxin impact was weaker in growing pigs, where mycotoxins
decreased ADG by 18% and G:F by 15% during only the first seven days. These results along with
the absence of change in ADFI during the first seven days are indicative that mycotoxins impaired
animal growth by affecting nutrient absorption or utilization during acute challenge. As a result,
mycotoxins tended to reduce pig BW on day 14. Challenges with aflatoxin and fumonisin in growing
pigs have been shown to reduce BW, ADG, and ADFI when in higher concentrations (2.5 mg of aflatoxin
and 100 mg of FB1/kg) than the concentrations used in experiment 1 (180 μg/kg AFB1 and 14 mg/kg
FB1) [13]. A compensatory improvement of G:F of 8% was observed in growing pigs from day 14 to 21
in experiment 1 from the current study. Of interest, the interaction observed from day 27 to 34 and
from day 34 to 41 showed that the reduction on ADG in nursery pigs fed diets with mycotoxins was
ceased by the inclusion of YCWE in diets, suggesting a protective role of YCWE against mycotoxins
with an impact on pig growth performance. The effects of YCWE on growth performance of nursery
pigs fed diets with mycotoxins is supported by the results obtained for nutrient digestibility, where the
apparent ileal digestibility of crude protein, gross energy, and ether extract was reduced in pigs fed
diets with mycotoxins but increased when YCWE was included in the diets.

Comparing the results of both experiments, along with results previously reported in the scientific
field, the severity and persistence of the effects of the mycotoxin challenge on growth performance
of pigs seems to depend on age, being more severe in nursery pigs in comparison to growing pigs.
In addition, nursery pigs can be more susceptible to the mycotoxin challenge due to weaning stress [14].
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Besides age and weaning stress factors, the presence of deoxynivalenol in the experimental diets fed to
nursery pigs in experiment 2 may have intensified mycotoxins impairment on growth performance.
Piglets weaned with 24 days (older than in experiment 2) and challenged with 3 mg/kg of DON,
have shown impaired growth performance during the 14 days of the challenge [15]. However,
deoxynivalenol-challenged pigs presented impaired growth performance when fed values as low as
0.6 mg/kg [16]. Deoxynivalenol impairment on growth performance seems to be caused specially
by its anorexigenic effect. The reduction on feed intake caused by deoxynivalenol is due to an
increased release of proinflammatory cytokines [17,18] satiety hormones [19], and neuroendocrine
regulation [20]. Satiety hormones such as peptide YY and cholecystokinin have increased levels in
serum after deoxynivalenol challenge in mice, resulting in reduced feed intake [19]. Resistance to
deoxynivalenol was developed by adult mice where no anorexigenic effect was observed for at least
two days after ceasing the challenge with the mycotoxin [21]. The same study showed that animals
developed a dose-dependent increase in feed intake after the challenge, reinforcing animal ability of
acclimation to mycotoxins. The neuroendocrine regulation is mediated by serotonin receptor activation
in rats, reducing digesta transit time, and thus, feed intake [20]. Feeding higher concentrations of
deoxynivalenol can even cause emesis. High serum levels of peptide YY and serotonin were described
as responsible for the deoxynivalenol emetic effect in mice [22].

The YCWE from S. cerevisiae is composed of an inner layer of insoluble β-D-glucans arranged
in a network [23]. Insoluble property and structural conformation allow the β-D-glucans to survive
digestion and to mitigate the impact of mycotoxins in the lower gastrointestinal tract. Directly
related to mycotoxins, β-D-glucans [8,24] and a mixture of YCWE, clay, and organic acids [15] have
previously shown binding efficacy on Fusarium toxins, resulting in reduced deoxynivalenol impact
on growth performance of nursery pigs [15]. Even though previous studies have shown improved
animal performance, minor effects were observed in pigs fed diets with YCWE considering growth
performance for nursery and growing pigs. In growing pigs, YCWE tended to reduce animal ADG
during the first seven days and ADFI during the last seven days, suggesting a mild detrimental effect of
YCWE on growth performance. In experiment 2 with nursey pigs, YCWE reduced feed intake during
phase 1, which may have caused the reduced ADG for the same phase. The lower G:F for nursery pigs
fed diets with YCWE during the first seven days may have enhanced G:F during the last days of the
study, after day 34, as a compensatory mechanism [12], as observed as a tendency of increased G:F for
the overall period for pigs fed diets with YCWE. The results regarding YCWE and growth performance
were unexpected, since a combination of fermented media by S. cerevisiae and hydrolyzed yeast cell
wall from S. cerevisiae [25] or S. cerevisiae cell wall [26] demonstrated enhanced nutrient digestibility
and utilization in weaned pigs. Likewise, pigs fed YCWE had greater digestibility than pigs fed a basal
diet without S. cerevisiae cell wall [26]. The production of total volatile fatty acids in ileum and cecum
was also reported to be increased in pigs fed β-D-glucans from S. cerevisiae [27].

Growing pigs consuming mycotoxins showed increased serum albumin and reduced serum
cholesterol and BUN. The observed increase in serum albumin could be due to the ability of the serum
protein to hydrolyze Fusarium toxins [28] and to its antioxidant role [29], properties that may help with
handling the mycotoxin challenge. Cholesterol and urea are primarily synthetized by hepatocytes and
their decrease is indicative of impaired liver function [1]. In experiment 2, the interaction observed on
day 45, where mycotoxins a decreased cholesterol level among pigs fed YCWE, is indicative that the
supplementation with YCWE was not able to recover cholesterol synthesis by hepatocytes. Although,
YCWE showed a tendency to reduce serum AST in pigs fed diets with mycotoxins. The aspartate
aminotransferase is more sensitive than alanine aminotransferase for hepatic damage in pigs [30].
Therefore, YCWE could improve liver function in pigs with moderate hepatic damage, as shown in
experiment 2 of the current study. The reduction on glucose and K levels, with a consequent impact
on the Na-to-K ratio, might indicate kidney damage, due to inefficient glucose and K reabsorption
after glomerular filtration [31–33]. The YCWE was able to prevent those changes in glucose and K.
The tendency of increase in Na and Cl levels in serum of growing pigs fed diets with YCWE may be
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due to its composition. One of the components in the YCWE product is hydrated sodium calcium
aluminosilicate, justifying the increase of Na in serum and the concomitant increase in Cl to maintain
the electrolytic balance in serum.

The mycotoxin challenge can modulate the immune function of pigs and potentially increase
animal susceptibility to infectious diseases or morbidity [34]. In the current study, mycotoxins reduced
neutrophils blood levels for growing pigs in experiment 1. In growing pigs, the increased duodenal
IgG concentration in animals fed mycotoxin compared to pigs without a mycotoxin challenge may
indicate a late immune response, characterizing a specialized response by the adaptive immune system.
In previous study carried out by our group, pigs challenged with DON and zearalenone did not show
any alteration in white blood cells and IgG in comparison to animals fed a control diet [1]. In a different
study, DON-challenged pigs have shown decreased serum IgG [33]. A combination of fermented
media by S. cerevisiae and hydrolyzed yeast cell wall from S. cerevisiae have been shown to increase
IgG and IgM levels in serum and IgA level in the gut [25]. In experiment 1, IgG levels in jejunum and
serum, and lymphocyte count were increased by YCWE when pigs were fed diets without mycotoxins,
suggesting YCWE’s ability to stimulate an immune response. In experiment 2, it was possible to notice
a reduction of albumin-to-globulin ratio in pigs fed diets with YCWE and no mycotoxins, reinforcing
YCWE’s effect as an immune stimulator. In experiment 1, equivalent IgG levels in jejunum were
observed between pigs fed diets with YCWE and pigs fed diets with mycotoxins, indicating that YCWE
could stimulate the immune system as much as mycotoxins but without the latter’s toxic effects. On the
other hand, IgG concentration in serum in experiments 1 and 2 did not follow the same behavior as
observed for the jejunal IgG described. Indeed, there was a reduction when YCWE was added to diets
of pigs fed diets with mycotoxins, indicating a protective role of YCWE at the gut level with a possible
reduction of systemic immune response.

The hypothesis of late response by the adaptive immune system is supported by no differences in
TNF-α and MDA in gut mucosa and blood serum, which are related to early inflammatory response
and cell damage, respectively. The absence of difference between pigs fed mycotoxin diets and control
pigs for TNF-α and MDA were also observed in pigs challenged with Fusarium toxins [1]. A mixture of
YCWE, clay, and organic acids was able to reduce TLR-4 expression and improve gut barrier function
in deoxynivalenol-challenged nursery pigs [15]. Regarding cytokines, IFN-γ, IL-6, IL-12B, TNF-α, and
PTGS2 were over expressed in pigs fed diets with DON [33]. The inclusion of YCWE in diets decreased
8-OHdG, molecule that indicates nucleic acid injury, suggesting reduced oxidative stress and improved
cell viability [1]. Furthermore, the inclusion of YCWE in diets with mycotoxins successfully overcame
the increase in protein carbonyl in jejunum mucosa observed in nursery pigs fed diets with mycotoxins.

Despite the effects observed for immune and oxidative stress markers, there were no noticeable
effects on tight junction expression for claudin, occludin, or zona occludens-1 protein in experiment
2. Tight junctions are responsible for the juxtaposition of enterocytes and thus, are indicative of
intestinal wall integrity [35]. The absence of effect of mycotoxins, YCWE, or interaction suggest that
both the challenge with mycotoxins and the YCWE supplementation could not alter gut wall structure
regarding tight junction constitution. Even still, there are other immune-related structures present on
enterocyte surface that seem to have be altered in current study. The immune system can be modulated
by the interaction of molecules present in the intestinal lumen with receptors along the intestinal
wall. One such receptor is the TLR2, which can be stimulated by both yeast components as well
as bacterial lipopolysaccharide [36,37]. The supplementation with YCWE could have enhanced the
expression of TLR2 which promoted the survivability of Spirochaetes [36], as observed in experiment
2. The supplementation with the yeast cell wall has previously shown to reduce the proportion of
disease-related bacteria [38]. In the current study, similar results were observed with the decrease of
the proportion of Erysipellotrichaceae and Prevotellaceae families in pigs fed diets with YCWE, despite
the increase in specific species within the family (P. copri and P. stercorea), suggesting an improvement
in intestinal health of pigs fed diets with YCWE. This line of thought can also be used to explain
the decrase in Lactobacillus equicursoris observed in pigs fed diets with YCWE. The L. equicursoris
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has demonstrated antagonistic ability against pathogenic bacteria in pigs [39], indicating that the
supplementation with YCWE could have a role in reducing the load of pathogenic bacteria in the
intestinal tract of pigs. The species Trabulsiella odontotermitis is found in the gastrointestinal tract of
termites that are able to digest fungi cell wall [40]. The reduction of T. odontotermitis in pigs fed diets
with mycotoxins was unexpected, since the ingestion of mycotoxins should have enhanced pigs’ ability
to handle fungi presence in the feed. At the same time, pigs fed diets with mycotoxins had an increased
proportion of Lactobalicaceae family and of Lactobacillus kitasatonis, which is known to play a probiotic
role in pig intestine [41]. The Lactobacillus sp. have previously shown the ability to reduce mycotoxicity
by binding to mycotoxins extracellularly [42,43] and, as gram-positive bacteria, can be considered as
“native DON-degraders” [44]. Thus, the increase of Lactobacilaceae family proportion in the intestinal
microbiome of mycotoxin-fed pigs as well as the increase of gram-positive bacteria as Turicibacter
sanguinis and Clostridium sp. in pigs fed diets with YCWE can be indicative of an induced adaptation
of the microbiome and of the pig itself to handle better mycotoxin challenge.

Cells from the intestinal crypts are responsible for enterocyte renewal and crypt depth is positively
related with proliferative rate that can be measured by Ki-67 staining [45]. The tendency in reducing
duodenal crypt depth in animals fed YCWE may indicate that the additive was able to enhance
enterocyte survivability, thus reducing crypt cells’ proliferative rate. Indeed, YCWE tended to increase
villus height as previously reported in pigs fed YCWE in comparison to pigs fed a basal diet without S.
cerevisiae cell wall [26]. On the other hand, feeding diets with mycotoxins reduced villus height and
tended to reduce the percentage of cells positive to Ki-67. Such outcomes suggest that mycotoxins
reduced the villus height by impairing crypt cell proliferation. At the same time, the tendency to
increase in villus width may be an adaptation strategy to increase the absorptive surface area after
mycotoxins damage.

Collectively, the current study suggests that susceptibility of pigs to AFB1 180 μg/kg, DON
1 mg/kg, and FB1 9 mg/kg is higher in nursery pigs (6 to 29 kg, challenged for 48 days) than in growing
pigs (56 to 89 kg, challenged for 35 days) to AFB1 180 μg/kg and FB1 14 mg/kg, depending on the
health status of gastrointestinal and immune systems. The YCWE at 0.2% showed a protective role
against the aforementioned mycotoxins, improving pig growth and health mainly in nursery pigs in
comparison to growing pigs.

4. Materials and Methods

A protocol of these experiments was reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) at North Carolina State University (NCSU; Raleigh, NC, USA).

4.1. Animals and Experimental Diets

In experiment 1, one hundred and twenty pigs (60 barrows and 60 gilts at 55.58 ± 3.13 kg,
crossbred pigs, Smithfield Premium Genetics, Rose Hill, NC, USA) were used. Pigs were housed in
solid concrete floor indoor pens (1.42 × 3.86 m) at the North Carolina State University Swine Evaluation
Station (Clayton, NC, USA). Pigs were grouped by body weight (BW) and randomly assigned to four
treatments within a BW group. Each treatment had ten replicates and three pigs per pen.

In experiment 2, forty-eight newly weaned pigs at 3 weeks of age (24 barrows and 24 gilts
at 5.98 ± 0.24 kg, PIC 337 × Camborough 22) were used. This study was conducted at the North
Carolina State University Metabolism Evaluation Unit (Raleigh, NC, USA). Pigs were housed in a pen
(0.74 × 1.5 m) equipped with a polyethylene feeder attached to the front of the pen, nipple water next
to the feeder, and slatted flooring. Pigs were grouped by body weight (BW) and randomly assigned to
four treatments within a BW group. Each treatment had twelve replicates and one pig per pen.

Corn and wheat naturally contaminated with mycotoxins were identified and the mycotoxin
concentrations were confirmed. Corn was analyzed by the Alltech 37+program at Alltech (Nicholasville,
KY, USA) for 16 mycotoxins including AFB1 and FB1, and wheat was analyzed for 11 mycotoxins
including DON. Quantification of AFB1 and FB1 was conducted using UPLC-MS/MS. Corn contained
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AF (2.8 mg/kg for experiments 1 and 2) and FUM (170.2 mg/kg for experiments 1 and 2) and wheat
contained DON (7.3 mg/kg, for experiment 2) and these were used to make experimental diets (Tables 16
and 17). This contaminated corn and wheat were blended with corn and wheat without mycotoxins in
order to reach the desired levels of 180 μg/kg AFB1 and 14 mg/kg FB1 (experiment 1) and 180 μg/kg
AFB1, 1 mg/kg DON, and 9 mg/kg FB1 (experiment 2) in the final diets. Non-contaminated corn
and wheat were also used to formulate a control without mycotoxins. Mycotoxin analysis in corn
and wheat was completed by collecting 10 samples from different locations to obtain a representative
mixture. Ten samples were combined and thoroughly blended together before two subsamples were
collected for analysis of mycotoxin content measured by the Alltech 37+ program using UPLC-MS/MS
(Table 18).

Table 16. Composition of experimental diets in experiment 1 (%, as-fed basis)1.

Item Basal Diet

Ingredients, %
Ground yellow corn 75.60
Soybean meal, dehulled 21.00
L-Lys HCl 0.18
Poultry fat 1.00
Salt 0.22
Vitamin premix2 0.03
Trace mineral premix3 0.15
Dicalcium P 1.12
Ground limestone 0.70

Calculated composition
Dry matter, % 89.06
Metabolizable energy, Mcal/kg 3.35
Crude protein, % 16.49
Standardized ileal digestible Lys, % 0.85
Ca, % 0.60
Available P, % 0.27

1 Basal diet (MT-YC 0%) without aflatoxin B1 and fumonisin B1; MT-YC 0.2%: MT-YC 0% + 2 g/kg of a yeast cell
wall extract (Mycosorb A+, Alltech, Nicholasville, KY, USA); MT+YC 0%: 180 μg/kg aflatoxin B1 and 14 mg/kg
fumonisin B1 by the use of naturally contaminated corn replacing clean corn used in MT-YC 0%; and MT+YC 0.2%:
MT+YC 0% + 2 g/kg of a yeast cell wall extract; Naturally contaminated corn contained aflatoxins (2.8 mg/kg) and
fumonisins (170.2 mg/kg); 2 The vitamin premix provided the following per kilogram of complete diet: 6613.8 IU of
vitamin A as vitamin A acetate; 992.07 IU of vitamin D3; 19.84 IU of vitamin E; 0.026 mg of vitamin B12; 4.63 mg of
riboflavin; 26.46 mg of niacin; 18.52 mg of d-pnatothenic acid; 2.65 mg of Vitamin K as menadione sodium bisulfate;
0.66 mg of biotin; 3 The trace mineral premix provided the following per kilogram of complete diet: 39.6 mg of Mn
as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as Zinc sulfate; 15.15 mg of Cu as copper sulfate;
0.30 mg of I as ethyenediamine dihydroiodide; and 0.30 mg of Se as sodium selenite.

Four treatments were based on a 2 × 2 factorial arrangement with mycotoxin (180 μg/kg AFB1 and
14 mg/kg FB1 or 180 ug/kg AFB1, 1 mg/kg DON, and 9 mg/kg FB1 for experiments 1 or 2, respectively)
and yeast cell wall extract (YCWE; Mycosorb A+, Alltech Inc., Nicholasville, KY, USA: 2 g/kg diet)
as two factors. Thus, the 4 treatments were: (1) MT-YC 0%: corn-soybean meal-based diet without
detectable AFB1 and FB1, (2) MT-YC 0.2%: MT-YC 0% + YCWE, (3) MT+YC 0%: MT-YC 0% + 180
μg/kg AFB1 and 14 mg/kg FB1 or 180 μg/kg AFB1, 1 mg/kg DON, and 9 mg/kg FB1 (respectively for
experiments 1 or 2) by the use of naturally contaminated corn and wheat replacing clean corn and
wheat used in MT-YC 0%, and (4) MT+YC 0.2%: MT+YC + YCWE. The YCWE-based MT-YC 0.2% and
MT+YC 0.2% is composed of hydrolyzed yeast, which includes the cell wall fraction of the organism.
Pigs were fed the experimental diets for a 5-week period based on the phase 5 diet for experiment
1, and were fed the experimental diets for 48 days based on a 2-phase feeding program (phase 1: 20
days and phase 2: 28 days). Feed intake and body weight were recorded weekly. During the entire
experimental period, all pigs had free access to feed and water. Concentrations of essential nutrients
met requirements suggested by the National Research Council [46]. All diets were free of antimicrobial
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growth promoter and ZnO. Titanium dioxide (0.4%) was added to experimental diets from day 43 of
experiment 2 as an indigestible external marker to measure apparent ileal digestibility (AID).

Table 17. Composition of experimental diets in experiment 2 (%, as-fed basis)1.

Item Phase 1 Phase 2

Ingredient, %
Ground yellow corn 37.5 48.82
Soybean meal, dehulled 22.0 27.0
Wheat, soft red 15.0 15.0
Whey permeate 12.0 2.0
Poultry meal 5.0 3.0
Blood plasma 3.3 –
L-Lys HCl 0.45 0.41
DL-Met 0.17 0.12
L-Thr 0.13 0.12
Salt 0.22 0.22
Vitamin and mineral premix2 0.18 0.18
Dicalcium P 0.45 0.79
Ground limestone 1.10 0.84
Poultry fat 2.5 1.50

Calculated composition:
Metabolizable energy, Mcal/kg 3.4 3.4
Crude protein, % 22.09 21.12
Standardized ileal digestible Lys, % 1.35 1.23
Standardized ileal digestible Met + Cys 0.75 0.68
Standardized ileal digestible Thr, % 0.79 0.73
Standardized ileal digestible Trp, % 0.23 0.22
Standardized total tract digestible P, % 0.40 0.33

1 Basal diet (MT-YC 0%) without aflatoxin B1 and fumonisin B1; MT-YC 0.2%: MT-YC 0% + 2 g/kg of a yeast cell
wall extract (Mycosorb A+, Alltech, Nicholasville, KY, USA); MT+YC 0%: 180 μg/kg aflatoxin B1, 1 mg/kg DON,
and 9 mg/kg fumonisin B1 by the use of naturally contaminated corn and wheat replacing clean corn and wheat
used in MT-YC 0%; and MT+YC 0.2%: MT+YC 0% + 2 g/kg of a yeast cell wall extract; Naturally contaminated
corn contained aflatoxins (2.8 mg/kg) and fumonisins (170.2 mg/kg) and naturally contaminated wheat contained
deoxynivalenol (7.3 mg/kg); 2 The vitamin premix provided the following per kilogram of complete diet: 6613.8 IU
of vitamin A as vitamin A acetate; 992.07 IU of vitamin D3; 19.84 IU of vitamin E; 0.026 mg of vitamin B12; 4.63
mg of riboflavin; 26.46 mg of niacin; 18.52 mg of d-pnatothenic acid; 2.65 mg of Vitamin K as menadione sodium
bisulfate; 0.66 mg of biotin; 2 The trace mineral premix provided the following per kilogram of complete diet: 39.6
mg of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as Zinc sulfate; 15.15 mg of Cu as
copper sulfate; 0.30 mg of I as ethyenediamine dihydroiodide; and 0.30 mg of Se as sodium selenite.

Table 18. Mycotoxin levels in corn and wheat used in Experiments 1 and 2 analyzed by UPLC-MS/MS1.

Mycotoxin Corn Wheat

Aflatoxin B1, mg/kg 2.5 ND
Aflatoxin B2, mg/kg 0.1 ND
Aflatoxin G1, mg/kg 0.2 ND
Deoxynivalenol (DON), mg/kg ND 5.5
DON-3-glucoside, mg/kg ND 0.9
15-acetyl-DON, mg/kg ND 0.5
3-acetyl- DON, mg/kg ND 0.3
Fumonisin B1, mg/kg 142.9 0.1
Fumonisin B2, mg/kg 13.9 ND
Fumonisin B3, mg/kg 13.4 ND
Fusarenon X, mg/kg ND ND
Gliotoxin, mg/kg ND ND
Neosolaniol, mg/kg ND ND
Nivalenol, mg/kg 0.2 ND
Ochratoxin A, mg/kg 0.1 ND
Ochratoxin B, mg/kg ND ND
Zearalenone, mg/kg 1.1 1.8

1 Mycotoxin analysis was performed by UPLC-MS/MS using the Alltech 37+ program at Alltech (Nicholasville, KY,
USA).
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Challenge periods and inclusion levels of mycotoxins in this study were based on previous
studies where pigs at similar body weights were challenged with AF, FUM, and DON (isolated or in
combination) for equivalent periods of time to enable comparison of results [2,4,16]. The inclusion
level of 0.2% for YCWE was chosen based on the recommended level by the manufacturer, which was
previously tested and showed the ability to reduce mycotoxin toxicity [3,47].

4.2. Sampling and Laboratory Analyses

4.2.1. Blood Sampling

In experiment 1, the pig with median BW from each pen was bled at the end of 4 weeks of
feeding, whereas in experiment 2, pigs were bled on days 14 and 45 for hematological, biochemical,
anti-oxidative, and immunological analysis. Blood was collected in Vacutainer tubes (BD Biosciences,
San Jose, CA, USA) without anticoagulant to obtain serum for serum biochemistry as indicators of overall
physiological status, TNF-α as an indicator of inflammatory status, IgA (only for experiment 2) and IgG
as indicators of humoral immune status, MDA as an indicator of lipid peroxidation, protein carbonyl
(only for experiment 2) as an indicator of oxidative protein damage, and 8-hydroxydeoxyguanosine
(8-OHdG, only for experiment 1) as an indicator of oxidative DNA damage. Blood was allowed to clot
before centrifuging for 15 min at 3000 × g (4 ◦C) to collect serum, and samples were stored at –80 ◦C
until analyzed. Blood samples were also collected in tubes containing EDTA to obtain whole blood for
hematological measurements.

4.2.2. Tissue, Mucosa, and Digesta Collection

At the last day of feeding, from each treatment, a pig representing an average body weight of
each of the 8 pens (4 gilt pens and 4 barrow pens) were selected, excluding one of the heaviest and one
of the lightest pens for experiment 1, and all pigs for experiment 2. Pigs were euthanized to collect
mucosa tissue samples from duodenum (a portion of 20 cm, only for experiment 1) and distal jejunum
(a portion of 20 cm prior to ileum). Duodenum and distal jejunum were isolated and flushed with
saline solution. About 10 cm of their section was fixed in 10% formaldehyde phosphate buffer and kept
for microscopic assessment of mucosal morphology, such as villus height and crypt depth. Mucosa
from the left duodenum and jejunum were also stored in liquid nitrogen immediately after collection
and moved to –80 ◦C until analysis. The mucosa was used to measure TNF-α, IgG, and MDA for both
experiments and IgA and protein carbonyl only for experiment 2. In experiment 2, ileal portion (a
portion of 20 cm prior to ileocecal valve) was used to obtain ileal digesta for apparent ileal digestibility.
The ileal digesta was collected by gently squeezing. The ileal digesta were stored in sterile containers
and kept frozen at –20 ◦C. The ileal digesta was freeze-dried (24D × 48, Virtis, Gardiner, NY) for storage
and chemical analysis. Freeze-dried digesta was used for measuring apparent ileal digestibilityof dry
matter, crude protein, growth energy, and ether extract. In experiment 2, jejunal tissues were used to
measure tight junction proteins (claudin-1, occludin, and zona occludens-1 protein) as indicators of gut
integrity using Western Blot.

4.2.3. Hematological and Biochemical Assays

Whole blood with EDTA was sent to Antech Diagnostics (Cary, NC, USA) for complete blood
counting. Measurements included hematocrit, hemoglobin, mean corpuscular hemoglobin, mean
corpuscular hemoglobin concentration, mean corpuscular volume, platelet number, red blood cell
count, white blood cell count, basophils, eosinophils, lymphocytes, monocytes, and neutrophils.

Concentrations of serum alanine aminotransferase, albumin, alkaline phosphatase, aspartate
aminotransferase, bilirubin, BUN-to-creatinine ratio, calcium, chloride, cholesterol, creatinine, creatine
phosphokinase, globulin, glucose, phosphorus, potassium, sodium, and BUN were measured (Antech
Diagnostics, Cary, NC, USA) for determination of serum biochemistry.
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4.2.4. Tumor Necrosis Factor-α

Tumor necrosis factor-α was measured in duodenal and jejunal mucosa as well as in serum by
enzyme-linked immunosorbent assay (ELISA), as described by Weaver et al. [48]. Determination of
TNF-α was completed following the manufacturer’s procedure (PTA00; R and D System, Minneapolis,
MN, USA). Mucosa samples (500 mg) of duodenum and jejunum were weighed and suspended
into 1.0 mL PBS. Mucosa samples were homogenized (Tissuemiser; Thermo Fisher Scientific Inc.,
Rockford, IL, USA) on ice. The homogenate was centrifuged for 30 min at 10,000× g (4 ◦C) to collect
supernatant, which was used to determine concentrations of TNF-α and protein concentrations. Protein
concentrations of mucosa supernatant in duodenum and jejunum were measured using a BCA protein
assay (23225; Thermo Fisher Scientific, Rockford, IL, USA). Briefly, 50 μL of standard plus dilute
or 100 μL of sample was added to microplate wells coated with capture antibody in conjunction
with biotinylated antibody reagent. Detection occurred by the use of horseradish peroxidase, TMB
substrate, and a stop solution of 2 M sulfuric acid (H2SO4). Absorbance was read at 450 nm and
550 nm by an ELISA plate reader (Synergy HT, Biotek Inc. Winooski, VT, USA) and the Gen 5 data
analysis software (Biotek Inc. Winooski, VT, USA). Concentrations of TNF-α in mucosa and serum
were expressed as ng/g of protein and pg/mL, respectively. The detection limit for TNF-α was 5 pg/mL.
Unless otherwise defined, all processes of sample extraction and protein measurements used herein
have the same method.

4.2.5. Immunoglobulins A and G

Concentrations of porcine IgA and IgG in duodenal and jejunal mucosa as well as in serum were
measured via ELISA, as described by Weaver et al. [4]. Goat anti-pig IgA or IgG was used to capture
antibodies by coating wells. Horseradish peroxidase conjugated to goat anti-pig IgA or IgG were
used as the detection antibody in combination with the TMB (3,3′,5,5′-tetramethylbenzidene) enzyme
substrate (E100-102 or E100-104; Bethyl Laboratories Inc., Montgomery, TX, USA). A solution of 0.18 M
H2SO4 was used to stop the enzyme-substrate reaction. Absorbance was read at 450 nm using an
ELISA plate reader and Gen 5 data analysis software. Concentrations of IgA and IgG in mucosa and
serum were expressed as mg/g of protein and mg/mL, respectively. Detection limits were 15.6 to
1000 ng/mL or 7.8 to 500 ng/mL for IgA and IgG, respectively.

4.2.6. Malondialdehydes

Concentrations of MDA in duodenal and jejunal mucosa as well as in serum were analyzed
using a TBARS assay (STA-330; Cell Biolabs, San Diego, CA, USA) as described by Shen et al. [49].
Concentrations of MDA in mucosa and serum were expressed as μmol/mg protein and nmol/mL,
respectively. The assay range for MDA was 0 to 125 μM.

4.2.7. 8-Hydroxy-Deoxyguanosine

Production of 8-OHdG in serum was determined by ELISA (STA-320; Cell Biolabs, San Diego, CA,
USA) as described by Weaver et al [48]. Undiluted samples were added to an 8-OHdG conjugate-coated
microplate, followed by diluted anti-8-OHdG antibody, and finally diluted secondary antibody enzyme
conjugate. After incubation, the provided stop solution was added to each well, and allowed to
incubate for 8–10 min before being stopped with a stop solution in order to achieve a color change which
was not over-saturated. Samples were then measured at 450 nm and concentration was determined
based on the standard curve.

4.2.8. Protein Carbonyl

Concentration of protein carbonyl in jejunal mucosa and serum as an index of oxidative protein
was analyzed using an ELISA kit (STA 310; Cell Biolabs, San Diego, CA, USA) as described by Shen et
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al. [49]. Concentrations of protein carbonyl in mucosa and plasma were expressed as μmol/g protein.
The assay range for protein carbonyl was 0 to 7.5 nmol/mg protein.

4.2.9. Chemical Analysis

In experiment 2, dry matter of digesta was quantified by weighing digesta samples prior to
and after freeze-drying, as described in Passos et al. [50]. Nitrogen was quantified in ground feed
and digesta samples using TruSpec N Nitrogen Determinator (LECO Corp., St. Joseph, MI, USA) to
calculate crude protein (method 992.15; [51]). Gross energy was quantified in ground feed and digesta
samples using a Parr 6200 Calorimeter (Parr Instrument Co., Moline, IL). Ether extract was quantified
in ground feed and digesta samples using ether extraction method (method 920.39; [51]).

4.2.10. Apparent Ileal Digestibility

In experiment 2, apparent ileal digestibility (%) of dry matter, crude protein, gross energy, and
ether extract was calculated using the titanium dioxide concentration in digesta and feed by using the
equation: AID = 100 – ((ND/NF) × (TiF/TiD) × 100), where, AID is the apparent nutrient digestibility,
ND is the nutrient concentration present in the ileal digesta, NF is the nutrient concentration in the feed,
TiF is the titanium dioxide concentration in the feed, and TiD is the titanium dioxide concentration in
the ileal digesta. Titanium dioxide was measured and calculated using a standard curve based on the
methods described by Myers et al. [52].

4.2.11. Immunohistochemistry for Ki-67 and Morphometry on Duodenum and Jejunum

In experiment 1, duodenal and jejunal samples were embedded in paraffin, cut cross-section to
5 μm thick, and mounted on polylysine-coated slides. Slides were then stained (hematoxylin and eosin)
and examined under a Sony Van–Ox S microscope (Opelco, Washington, DC). Villus height (from the
tip of the villi to the villus-crypt junction), villus width (width of the villus at one-half of the villus
height), and crypt depth (from villus junction to the base of the crypt) were determined according to
Weaver et al. [48]. Lengths of 10 well-oriented intact villi and their associated crypt were measured in
each slide. The same person executed all the analyses of intestinal morphology.

In experiment 2, jejunal samples were embedded in paraffin. Epitope retrieval was performed
using 10 mM citrate buffer, pH 6.0 in a pressure cooker (Dako, Carpinteria, CA). Endogenous
peroxidase was quenched with 3% hydrogen peroxide and sections were blocked using protein block
reagent (Dako, Carpinteria, CA). Primary monoclonal antibody of Ki-67 (Dako, Carpinteria, CA) was
used after 1:500 dilutions. Secondary antibody was attached using Vector ImmPRESS anti-mouse
polymer reagent (Vector Laboratories, Burlingame, CA) after 1:2 dilutions. Diaminobenzamine reagent
(Vector Laboratories, Burlingame, CA) was used as the chromogen. Image JS software [53] was used
for calculating the Ki-67-positive cell. Simultaneously, jejunal morphometry can be available with
the immunohistochemistry.

4.2.12. Microbiome Analysis of Jejunal Mucosa

In experiment 2, mucosa-associated microbiome was sequenced. DNA was extracted from jejual
mucosa with QIAGEN’s QIAamp® DNA Stool MiniKit (Qiagen, Crawley, UK). Samples were prepared
for template preparation on the Ion Chef TM instrument and sequencing on the Ion S5 TM system
(ThermoFisher Scientific, Inc., Wilmington, DE, USA). Variable regions V2, V3, V4, V6, V7, V8, and V9
of the 16S rRNA gene were amplified with the Ion 16S Metagenomics Kit (ThermoFisher Scientific,
Inc., Wilmington, DE). Sequences (hypervariable regions) were processed using the Torrent Suite TM
Software (version 5.2.2; ThermoFisher Scientific, Inc., Wilmington, DE) to produce “.bam” files for
further analysis. Sequence data analysis, alignment to GreenGenes (anybody) and MicroSeq (experts)
databases, alpha and beta diversity plot generation, and OTU table generation were performed by the
Ion Reporter TM Software Suite of bioinformatics analysis tools (version 5.2.2; ThermoFisher Scientific,
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Inc., Wilmington, DE). Samples were analyzed using Ion Reporter’s Metagenomics 16S workflow
powered by Qiime (version w1.1).

4.2.13. Tight Junction Proteins in Jejunal Tissue

In experiment 2, four samples of jejunal tissue in each treatment were used to measure tight
junction protein, as described by Yang et al. [37]. Tissue samples (50 mg) of jejunum were weighed and
suspended into 0.5 mL RIPA lysis and extraction buffer containing 5 μL protease inhibitor cocktail.
Tissue samples were homogenized on ice. The homogenate was centrifuged at 10,000 × g at 4 ◦C
for 10 min to collect supernatant. Protein concentration of the supernatant was adjusted to 2 μg/μL
by using a BCA protein assay, as mentioned above. The adjusted supernatant was denatured at
100 ◦C for 5 min in the water bath and was loaded in each well for SDS-PAGE. After SDS-PAGE,
the gel was moved on polyvinylidene difluoride membrane for transferring a target protein to the
membrane. Protein was electrophoretically transferred at 90 mV for 1 h. This was then blocked in 5%
skim milk, and incubated (overnight at 4 ◦C) with primary antibodies against claudin, occluding, zona
occludens-1 protein, and β-actin. The membrane was subsequently washed and incubated (1 h at room
temperature) with horseradish-conjugated secondary antibodies. The immunoblot was developed
with the DAB substrate kit (34002; Pierce, Rockford, IL). The density of bands was identified by using
image analyzer software (LI-COR Biosciences, Lincoln, NE).

4.3. Data Analysis and Interpretation

In both experiment 1 and experiment 2, data from this study were analyzed based on a randomized
complete block design by the Mixed model of SAS Software (Cary, NC, USA). The experimental unit
was a pen. Factors were mycotoxin and YCWE. Factors, interaction between factors, and sex were
the fixed effects and initial BW block was a random effect. Diets with or without mycotoxins were
compared with the PDIFF option to evaluate if the mycotoxin effect was mitigated by YCWE once an
interaction between mycotoxin and YCWE was found. Statistical differences among treatment means
were considered significant with p < 0.05, whereas 0.05 ≤ p < 0.10 was used as the criteria for tendency.
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Abstract: Clays are known to have promising adsorbing characteristics, and are used as feed additives
to overcome the negative effects of mycotoxicosis in livestock farming. Modification of clay minerals
by heat treatment, also called calcination, can alter their adsorption characteristics. Little information,
however, is available on the effect of calcination with respect to mycotoxin binding. The purpose of this
study was to characterize a Tunisian clay before and after calcination (at 550 ◦C), and to investigate
the effectiveness of the thermal treatment of this clay on its aflatoxin B1 (AFB1), G1 (AFG1), B2 (AFB2),
G2 (AFG2), and zearalenone (ZEN) adsorption capacity. Firstly, the purified clay (CP) and calcined clay
(CC) were characterized with X-ray Fluorescence (XRF), X-ray Diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR-IR), cation exchange capacity (CEC), specific surface area (SBET), and point
of zero charge (pHPZC) measurements. Secondly, an in vitro model that simulated the pH conditions
of the monogastric gastrointestinal tract was used to evaluate the binding efficiency of the tested clays
when artificially mixed with aflatoxins and zearalenone. The tested clay consisted mainly of smectite
and illite. Purified and calcined clay had similar chemical compositions. After heat treatment,
however, some changes in the mineralogical and textural properties were observed. The calcination
decreased the cation exchange capacity and the specific surface, whereas the pore size was increased.
Both purified and calcined clay had a binding efficacy of over 90% for AFB1 under simulated poultry
GI tract conditions. Heat treatment of the clay increased the adsorption of AFB2, AFG1, and AFG2
related to the increase in pore size of the clay by the calcination process. ZEN adsorption also
increased by calcination, albeit to a more stable level at pH 3 rather than at pH 7. In conclusion,
calcination of clay minerals enhanced the adsorption of aflatoxins and mostly of AFG1 and AFG2
at neutral pH of the gastrointestinal tract, and thus are associated with protection against the toxic
effects of aflatoxins.

Keywords: aflatoxins; zearalenone; clay; purified; calcined; adsorption; pH
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Key Contribution: In vitro binding capacity of purified and calcined clay was determined for AFB1,
AFB2, AFG1, AFG2 and ZEN in the pH of the poults gastrointestinal tract. The calcined clay has
successfully improved the binding efficiency of AFB2, AFG1, AFG2 and ZEN.

1. Introduction

Mycotoxins are secondary metabolites produced by toxigenic fungi growing on a wide range
of agricultural products [1]. The Food and Agriculture Organization (FAO) of the United Nations
stated that nearly 25% of the cereal products is contaminated with mycotoxins [2].

Aflatoxins (AFs) are considered as the most important mycotoxins in food and feed because
of their carcinogenicity (IARC monograph class I) and their high prevalence, especially in Southern
regions [3,4]. AFs are a group of heterocyclic metabolites that are mainly produced by members of the
genus Aspergillus, contaminating agricultural commodities. Aspergillus fungi are both found in the
field as storage pathogens, therefore the AFs’ content is omnipresent, but with a tendency to increase
during storage [5,6]. AFs cause serious health problems, economic losses, and deleterious effects on
performance in a variety of farm animals including pigs, poultry, and cattle [7]. More specifically
in poultry, AFs reduce the growth rate, decrease egg production, induce changes in organ weight,
and increase the risk of disease [4]. In young chicks, AFs reduce immune competence and cause liver
damage [8–10]. Aflatoxin B1 (AFB1) is the most potent of the aflatoxins, followed by AFG1, AFB2,
and AFG2 [11]. AFB1 comprise a greater potency associated with the cyclopentenone ring of the
B series, when compared with the six-membered lactone ring of the G series [12].

Zearalenone (ZEN) is a phenolic resorcyclic acid lactone mycotoxin produced by Fusarium fungi
growing on cereal grains and derived products worldwide. Fusarium mycotoxins are primarily
produced before harvest, on the field. ZEN is a potent estrogenic metabolite as it has the ability to bind
to estrogen receptors and induces estrogenic alterations including uterine enlargement, swelling of the
vulva and mammary glands, and pseudopregnancy [13,14].

To offset the negative effects of mycotoxins on animal health, a wide range of mycotoxin
decontamination strategies has been reported in the literature [15–17]. Adding mycotoxin binders
to the feed is probably the most common post-harvest mitigation approach [18–20]. Binders decrease
the absorption of mycotoxins from the gastrointestinal (GI) tract into the blood circulation and target
organs by adsorbing them on their surface [21], forming a binder-toxin complex which is eliminated
through the fecal material [22]. Inclusion of mycotoxin binders improves the average daily gain
and the average daily feed intake in pigs and reduced the injurious effect of AFs on body weight,
feed conversion ratio (FCR), serum alanine aminotransferase (ALT), and urea concentration in broiler
chickens [8,23]. However, it should be noted that adding a high dose of clay in the feed might cause
nutrient deficiency by adsorbing micronutrients, vitamins and organic compounds, while also having
negative effects on the bioavailability of minerals and trace elements [15,24]. In addition, the risk of the
contamination of raw clays with metals and dioxins has to be considered [25]. Among mycotoxin
binders, clay minerals are the largest group. Several aluminosilicate clays such as hydrated sodium
calcium aluminosilicate (HSCAS), bentonite, montmorillonite, smectite, and zeolite have good binding
efficiency to mycotoxins [26,27]. These clays mostly bind small mycotoxins, such as AFs and ochratoxin
A, but have less binding affinity for the larger molecules of certain Fusarium toxins. ZEN can be adsorbed
by only a limited number of binders with a large variation in binding capacity [28]. Effectiveness
of binding also depends on the type, and the dosage of the binders. A Brazilian study showed that
about 64% of the products on the market were ineffective in binding AFs [29,30].

Clays are used in their natural state or treated through various processes such as calcination,
acid activation, pillaring, organic modification with polymers, or cation and anion exchange.
These modified clays can be more effective in binding some mycotoxins than the untreated
clay [31–34]. Calcination is a process in which clay minerals are heated to different temperatures [33].
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It removes the water located in intra-crystalline tunnels, which changes the pore structure and surface
proprieties [35,36]. Consequently, heat treatment has an impact on the specific surface area of clay,
which is responsible for the adsorption capacity [37]. Calcined clays have been used in numerous
studies as adsorbents to eliminate heavy metals and cationic dyes [38,39].

To the best of the authors’ knowledge, only one study investigated the effect of calcination on
mycotoxin binding [40]. In this paper it was reported that the adsorption of AFB1 was reduced after
calcination of a bentonite clay. It is questionable whether this observation can be extrapolated to other
types of clay and other mycotoxins. Therefore, the purpose of the present study was to analyze
the physical characteristics and to evaluate the binding of different mycotoxins before and after
calcination of a montmorillonite type of clay from Tunisia.

2. Results

2.1. Chemical Characterization

XRF analyses revealed that purified native clay (CP) and its calcined form (CC) were mainly
composed of silicon dioxide (SiO2), aluminum oxide (Al2O3), calcium oxide (CaO) and iron oxide
(Fe2O3) (Table 1). In addition, the occurrence of magnesium oxide in both samples can be due to the
presence of smectite, and also to a small amount of dolomite, which is confirmed by the results of XRD
and FTIR-IR [41].

Table 1. Chemical composition of clays.

Oxide Composition of the Clays (%)

CP CC

SiO2 42.04 43.62
Al2O3 14.60 15.67
CaO 13.34 13.78

Fe2O3 11.03 9.69
K2O 1.12 1.17
MgO 1.74 1.78
Na2O 0.18 0.18
SO3 0.18 0.16

CP: purified clay, CC: calcined clay.

2.2. Infrared Spectroscopy Characterization (FTIR-ATR)

The FTIR patterns of the CP (Figure 1) exhibits several characteristic bands corresponding to the
stretching vibrations of the surface hydroxyl groups (Si–Si–OH, or Al–Al–OH) at 3695 cm−1 which
indicates the presence of kaolinite [40–44]. The spectrum shows a characteristic band of montmorillonite
at 3620 cm−1 [43]. The band at 1432 cm−1 corresponds to carbonate [calcite (Ca CO3) or dolomite
(Ca, Mg (CO3)2)] [44–46]. The band at 711 cm−1 corresponds to calcite [44,45]. The band at 518 cm−1 is
due to Si–O–Al (octahedral) bending vibration [46,47]. Vibration at 1635 cm−1 was attributed to the
bending of adsorbed water. The band of deformation near to 873 cm−1 indicates that the clay is
octahedral [48], while the band near 910 cm−1 corresponds to an Al-O-H deformation characteristic
of dioctahedral smectite [49].

After calcination, the water OH-bending (1635 cm−1) mode totally disappeared. This is a consequence
of dehydroxylation and dehydration by the thermal treatment.
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Figure 1. Infrared spectra of purified clay (CP) and calcinated clay (CC).

2.3. X-Ray Diffraction (XRD)

XRD characterization as presented in Figure 2 showed that CP and CC consisted mainly of calcic
smectite, as demonstrated by the main peak near 14.10 Å and the additional peaks at 4.48 Å and
2.56 Å [50]. The XRD patterns confirmed the presence of kaolinite by the basal spacing at 7.16 Å, 3.84 Å,
and 3.57 Å [45,50,51]. The characteristic reflection of dolomite was observed at 2.89 Å [45], while that
of calcite was observed at 3.03 Å and 1.90 Å [45,50,52]. Both clays were also characterized by the presence
of quartz, indicated by several peaks at 4.25 Å, 3.34 Å, 2.28 Å, 2.09 Å, and 1.87 Å [47,48,53,54]. Following
calcination, the characteristic peaks of kaolinite at 7.16 Å and 3.57 Å disappeared, while a new peak
appeared at 9.91 Å.

Figure 2. X-ray diffractograms of purified and calcined clay (S: smectite, I: illite, K: kaolinite, Q: quartz,
C: calcite, D: dolomite), CP: purified clay, CC: calcined clay.
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2.4. Cation Exchange Capacity (CEC)

The thermal treatment resulted in a decreased CEC (9.28 Cmol(+) (kg−1) for CC) and a reduction
in Ca, Mg and Na after calcination (Table 2).

Table 2. Cation exchange capacity of purified clay (CP) and calcined clay (CC).

Clay Samples Ca (mg/L) K (mg/L) Mg (mg/L) Na (mg/L) CEC (Cmol(+)(kg−1))

CP 126.18 14.1 24.44 17.94 12.266
CC 88.56 25.56 19 11.54 9.287

CP: purified clay, CC: calcined clay, CEC: cation exchange capacity.

2.5. BET Surface Analysis

Brauner-Emmett-Teller (BET) N2 adsorption/desorption analysis showed a surface area of CP
64.06 m2/g. Thermal treatment resulted in a decreased surface area: 44.42 m2/g for CC (Table 3) and an
increase in pore size from 57.03 Å for CP to 66.72 Å for CC.

Table 3. Textural characteristic of clay minerals.

Clay Samples SBET (m2/g) Pore Volume (cm3/g) Pore Size (Å)

CP 64.06 0.05 57.03
CC 44.42 0.05 66.72

SBET: BET Surface Area, CP: purified clay, CC: calcined clay.

2.6. Point of Zero Charge (PZC)

As can be seen in Figure 3, the pHPZC of CP was 9.94, while it was 10.03 for the CC.

Figure 3. Determination of point of zero charge of purified clay (CP) and calcined clay (CC).

2.7. Mycotoxin Binding Efficiency

At pH of 3, CC and CP were able to bind 100% of AFB1. However, compared to CP, CC had a higher
(p < 0.05) adsorption capacity for AFB2, AFG1 and AFG2 (Table 4). Moreover, CP was not able to bind
ZEN at pH 3, while the calcinated clay did adsorb ZEN (p< 0.05). Table 5 contains the results of mycotoxin
adsorption of the CP and CC at pH 7. The adsorption of AFB1, AFB2, AFG1, and AFG2 at pH 7 was
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significantly higher (p < 0.05) for CC compared to CP. As almost no ZEN was bound to CP, the adsorption
of ZEN at pH 7 was significantly higher (p < 0.05) for the CC (41 ± 12%) than the CP (1 ± 1%).

Table 4. In vitro adsorption of AFB1, AFB2, AFG1, AFG2 and ZEN by purified clay (CP) and calcined
clay (CC) at pH 3. Results are presented as mean ± SD. Means of CC indicated with * are significantly
different compared to CP (p < 0.05). (NS: not significantly different).

Binding Capacity (%)

Mycotoxins CP CC p-Value

AFB1 100 ± 0 100 ± 0 NS
AFB2 88 ± 1 100 ± 0 * <0.001
AFG1 96 ± 1 100 ± 0 * <0.001
AFG2 76 ± 2 99 ± 1 * <0.001
ZEN 0±0 75 ± 3 * <0.001

Table 5. In vitro adsorption of AFB1, AFB2, AFG1, AFG2 and ZEN by purified clay (CP) and calcined
clay (CC) at pH 7. Results are presented as mean ± SD. Means of CC indicated with * are significantly
different compared to CP (p < 0.05).

Binding Capacity (%)

Mycotoxins CP CC p-Value

AFB1 94 ± 3 99 ± 0 * 0.031
AFB2 86 ± 8 99 ± 1 * 0.048
AFG1 60 ± 17 98 ± 2 * 0.019
AFG2 30 ± 29 96 ± 2 * 0.017
ZEN 1 ± 1 41 ± 12 * 0.026

Based on these in vitro adsorption data, the in vitro binding efficiency of AFs and ZEN of the
purified and calcined clay was predicted (Figure 4). The results show that both clays exhibited a strong
in vitro binding affinity to AFs. Heat treatment of the clay improved the binding efficiency of ZEN
(29 ± 18%) compared to the CP (0 ± 0%). The binding efficiency of AFB1 was 94 ± 3% and 99 ± 0%
for the CP and CC, respectively. The effectiveness of CP and CC in binding AFB2 was 86 ± 9%
and 99 ± 1%, respectively. The in vitro binding efficiency of AFG1 and AFG2 was significantly higher
(p < 0.05) for the CC than the CP. AFG1 binding efficiency was 59 ± 18% for CP and 98 ± 2% for CC
(p < 0.05). Furthermore, the binding efficiency of AFG2 was 15 ± 38% for the CP and 96 ± 2% for the
CC. These results demonstrate that the thermal treatment of the clay enhances the binding efficiency
of AFG1 and AFG2.

Figure 4. In vitro binding efficiency (%) of AFB1 (5 ng/mL), AFB2 (5 ng/mL), AFG1 (5 ng/mL),
AFG2 (5 ng/mL) and ZEN (25 ng/mL) of purified clay (CP) and calcined clay (CC). Data are represented
as mean values ± SD. Means of CC indicated with * are significantly different compared to CP (p < 0.05)
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3. Discussion

Several reports have shown that adding phyllosilicate clay supplements to animal feed represents
one of the most powerful prevention strategies for aflatoxicosis in livestock [21,55–57]. Heat treatment
may alter the adsorbing properties of the clays, however, this has not been investigated much with
respect to mycotoxins so far.

Our results show that the chemical composition of the studied clay was not affected after heat
treatment. Similar results were found in another study with a different type of clay [40]. Indeed,
there is no change in bentonite composition before and after calcination. The chemical composition
of the studied clay is a typical composition of south-eastern Tunisian clays [45]. CP and CC were
also characterized by a high calcium oxide content and a low percentage of sodium oxide which are
in accordance with previous work [48].

Disappearance of the characteristic peaks of kaolinite following calcination, as observed by
XRD, is probably due to the dehydroxylation of the kaolinite structure, leading to the collapse
of clay mineral structure [40,50,58]. Aluminosilicate minerals are characterized by a CEC varying
from 10 (meq/100 g) for kaolinite minerals to 100 (meq/100 g) for illite and smectite minerals [59].
The tested clay showed a low value of CEC which can be due to the poor crystallinity of smectite and
to the presence of kaolinite, illite, and some impurities (calcite, quartz, dolomite, etc.). The decrease
in CEC is due to the dehydration and dehydroxylation of smectite which results in a collapse of the
interlayer [53,60]. This result is in agreement with previous reports [34,61] stating that the thermal
treatment reduces the cation exchange capacity of clays. The surface area is an important property
for clay adsorption capacity. Previous work reported that the surface area decreases with increasing
temperatures of thermal treatment [33,46,54]. Calcination of clay at 560 ◦C causes an agglomeration
of the particles leading to a 15% decrease in the surface area and an increase in the pore size [62].
According to the literature [35], the increase in the diameter of pores is due to a reduction of the
basal spacing through dehydration of the interlayer spaces which is a consequence of a first collapse
of smectite layers. Similar research observed that calcination of clay affects the interlayer space [63,64].
The pHPZC is an important characteristic of minerals and usually used to define the state of the surface
of a dispersed solid phase at the solid-electrolyte solution surface and may indicate the ionization
of functional groups and their possible interaction with the mycotoxin molecules [65]. In addition,
low-charge montmorillonites or other low-charge smectites would be more effective feed additives
than higher-charge clays [34]. The surface is negative at pH>pHPZC, positive at pH<pHPZC and neutral
at pH=pHPZC [66]. The obtained results for pHPZC in our study indicated that the surface of the studied
clays is positive at pH3 and pH7 and are moderately higher than the pHPZC reported in the literature
for Tunisian smectitec clays (8.2) [67]. The use of adsorbents mixed with food and feed is one of the
prominent post-harvest approaches to protect against mycotoxins toxicity, which are supposed to bind
efficiently mycotoxins in the gastrointestinal tract. In the current study, we evaluate the binding capacity
of AFs and ZEN of purified and calcined clay. The in vitro ZEN and AFs adsorption is assessed at pH
3 and pH 7 which are representative for the GI tract of the monogastric animals. Similar models were
successfully applied in previous in vitro experiments [21,59,68]. Regarding adsorption and desorption
of ZEN, the adsorption of ZEN by clay is usually lower than aflatoxins [21]. This could be because
of the low polarity of ZEN compared to AFs [19]. Furthermore, ZEN has a more spherical molecular
geometry than the planar structure of AFs [18]. Moreover, in a recent study [21], it was reported that
ZEN is significantly less adsorbed in alkaline than in acid and neutral conditions. De Mil et al. [18]
suggested that the pH may influence the phenolic hydroxyl group of ZEN or the ionization-state of the
functional groups of the mycotoxin binders, and thereby alter the adsorption by the ionic interactions.

Our findings confirmed a better adsorption capacity for ZEN for the calcined clay than the purified
native clay. It has been reported that modified clays have been developed to improve ZEN adsorption,
which provide sufficient space between the layers to react with mycotoxin with a relatively less
polarity with the appropriate electrical charging [69–72]. These modified surface properties lead
to greater hydrophobicity by exchanging the structural load balance cations with high molecular
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weight quaternary amines [27]. Feng et al. [73] have concluded that the modified clays have led to low
desorption rates, with higher ZEN adsorption than the non-modified clay. The increase in adsorption
capacity of AFs and ZEN with calcined clay in our study might be related to the increase in pore size
(Table 3), and the decrease in CEC (Table 2) of clay after heat treatment at 550 ◦C. Chen et al. [35]
reported that calcination of palygorskite at high temperatures improves dye adsorption efficiency,
which is basically associated with a larger size and a wider size distribution of pores. In addition
to the pore size, CEC play an important role in the adsorption phenomenon [18]. Exchangeable cations
neutralize the interlayer charges in phyllosilicates, and are involved in the binding of AFB1 [7,74].
Deng et al. [75] suggested that layer charge density and the type of exchange cations have a distinct
influence on the adsorption of AF. Recent research [43] demonstrated that heating of bentonite improves
the clays’ adsorption affinity and capacity of AFB1, which is mainly because of the reduction of cation
exchange capacity. Furthermore, AFB1 is a polar mycotoxin and contains ß-carbonyl, which is involved
in the adsorption process [55]. According to Prapapanpong et al. [21], the adsorption process involves
the exchange of electrons of the metallic cation on the surface of the adsorbent, especially the positive
charge of calcium ions on each layer of clay. A hypothesis proposed by Jaynes et al. [76] discussed
the possibility that aflatoxins can be captured at multiple locations on hydrated sodium calcium
aluminosilicate (HSCAS) surfaces, as well as between HSCAS inter-layers.

4. Conclusions

In this study, calcination improved the adsorption efficacy of the clay for AFB2, AFG1, AFG2,
and ZEN. The adsorption-desorption rate showed that the pH condition in the GI tract might influence
ZEN adsorption rate. The authors conclude that this specific clay has the potential to be used as
a mycotoxin binder in poultry and probably for other animal species.

Unraveling the exact binding-mechanism, including the verification of the kinetics of mycotoxin
binders has to this day remained largely uninvestigated. However, these data are of crucial importance
to further ameliorate mycotoxin binders’ efficacies, and to aim for a wider adaption of these mitigation
strategies in both animals and humans.

5. Materials and Methods

5.1. Chemical Products and Reagents

Methanol (LC-MS/MS grade) and glacial acetic acid (LC-MS/MS grade were procured from Biosolve
B.V. (Valkenswaard, The Netherlands). Acetic acid and ammonium acetate (analytical grade) were supplied
by Merck (Darmstadt, Germany). A Milli-Q® SP Reagent water apparatus (Millipore; Brussels, Belgium)
was used for water purification. For the mycotoxin standards, AFB1, AFB2, AFG1, AFG2 and ZEN were
purchased from Sigma-Aldrich (Bornem, Belgium). Disinfectol® (denaturated ethanol + 5% ether) was
supplied by Chem-Lab (Belgium). Mycotoxin standards were dissolved in methanol (1 mg/mL), and were
storable for a minimum of 1 year at −18 ◦C. Other chemicals and reagents were of analytical grade.

5.2. Source and Preparation of Clay

The raw clay sample was collected from Jebel Aïdoudi (El Hamma, Gabes) in the southern part
of Tunisia. To purify the clay, the sample was ground and wet-sieved with an electromagnetic sieve
shaker (Matest S.p.A., Triviolo, Italy) in order to eliminate all the impurities. Next, they were dried in an
oven (Memmert GmbH + Co.KG, Schwabach, Germany) at 105 ◦C. The obtained clay was subsequently
washed with distilled water until separation of the liquid/solid phases became difficult, and were
dried again in an oven at 105 ◦C. The thermally-treated clay was obtained by a calcination process
of the purified clay in a muffle furnace (Sirio Dentel Srl, Meldola, Italy) at 550 ◦C for 5h. Subsequently,
purified clay (CP) and calcined clay (CC) samples were ground and sieved into fine powder (≈100 μm).
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5.3. Physico-Chemical Characterization of Clays

5.3.1. X-Ray Fluorescence (XRF)

The chemical composition of the minerals present in the two clays was performed using the XRF
spectrometer model Thermo OASIS 9900 (Thermo Fisher Scientific (Schweiz) AG, Bâle, Suisse). It was
performed in order to know the elemental oxides that are present in the clays.

5.3.2. X-Ray Diffraction (XRD)

XRD was performed to identify the mineral composition of clays and the crystal line phases.
It was conducted by an X-ray diffractometer « PANALYTICAL X’PERT PROMPD » using Cu Kα

radiation (λ = 0.154 nm) with the voltage of 45 kV, 40 mA. Then the basal spacing of samples was
determined from Bragg’s law (n λ= 2 d sin θ), where ‘n’ is the path difference between the reflected
waves, equal to an integral number of wavelengths (λ), ‘λ’ the wavelength (nm), ‘d’ the interlayer
spacing (nm), and ‘θ’ the diffraction angle (◦).

5.3.3. Fourier Transformed Infrared Spectroscopy (FTIR-ATR)

FTIR-IR helps in the identification of various forms of the minerals present in the clay.
The vibrational spectra were performed with FTIR with a Spectrum Two PerkinElmer spectrometer,
in the attenuated total reflection (ATR) mode, with a highly sensitive Deuterated Triglycine Sulfate
(DTGS) detector. The samples were scanned 10 times in the range of 500–4000 cm−1, with a 2 cm−1

spectral resolution.

5.3.4. Point of Zero Charge (PZC)

The Chemistry surface characterization was performed according to the solid addition method
described by Noridine et al. [77] with slight modifications. A series of 50 mL of 0.01 mol/mL of NaCl
(0.1 M) solutions were poured in beakers. The pH was adjusted in the range of 2–12 with 0.1 M HCl
or 0.1 M NaOH solutions. Then, 0.2 g of clay was soaked in each solution under agitation at room
temperature, and the final pH was measured after 24 h. The pHPZC is the point in the curve when
the pHinitial (pHi) verses pHfinal (pHf) intersects the line (pHi = pHf).

5.3.5. Cation Exchange Capacity (CEC)

CEC of clays was conducted using the barium chloride method [78]. Briefly, samples between
1 g and 5 g, depending on their probable CEC, were weighed into 50 mL centrifuge tubes. Then,
30 mL of 0.1 M BaCl2 was added, and the tubes were shaken slowly on a reciprocal shaker for 2 h.
The samples were then centrifuged at 2500 rpm for 10 min and the supernatant solution were filtered
through Whatman 42 filter paper. The solution was collected in polyethylene bottles for analysis.

5.3.6. BET Surface Analysis

The textural properties of the clays (specific surface area, porosity) were determined by nitrogen
adsorption using the multipoint Brunauer-Emmet-Teller (BET) method (ASAP 2020 Micromeritics
Instruments, Norcross, GA, USA). The specific surface area was measured at 77 K and the pore size
distribution was calculated in the radius range from 2000 to 100,000 nm by the BJH method using
the adsorption isotherm.

5.4. Mycotoxin Adsorption

In vitro evaluation of the adsorption capacity of both clays for AFB1, AFB2, AFG1, AFG2, and ZEN
was adopted from Di Mavungu et al. [79] with slight modifications. To determine the effect of pH on
the mycotoxin binding capacity within the pH range of the gastrointestinal tract of poults, tests were
performed at pH 3 and 7. In brief, 50 mg of clay sample was shaken and incubated for 3 h in 10 mL citrate
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buffer (pH 3) or phosphate buffer (pH 7) together with AFB1, AFB2, AFG1, and AFG2 at a concentration
of 5 ng/mL, or with ZEN at a concentration of 25 ng/mL.

The mycotoxins were determined by LC-MS/MS using previously described methods [80]. A Waters
Acquity UPLC system coupled to a Quattro Premier XE mass spectrometer (Waters, Milford, MA, USA)
equipped with a Z-spray electrospray ionization (ESI) interface was used for the determination and
quantification of mycotoxins. Chromatographic separation was achieved using a Symmetry C18 column
(5 μm, 150 × 2.1 mm i.d.) with a Sentry guard column (3.5 μm, 10 × 2.1 mm i.d.) both supplied by Waters
(Zellik, Belgium). The column was kept at room temperature. A mobile phase consisting of eluents A
[water/methanol/acetic acid (94/5/1, v/v/v) containing 5 mM ammonium acetate] and B [methanol/water/
acetic acid (97/2/1, v/v/v) containing 5 mM ammonium acetate] was used at a flow rate of 0.3 mL min−1.
A gradient elution was applied as follows: 0–7 min, 95% A/5% B –35% A/65% B; 7–11 min, 35% A/65%
B–25% A/75% B; 11–13 min, 25% A/75% B–0% A/ 100% B; 13–15 min, 0% A/100% B; 15–16 min, 0% A/
100% B–40% A/60% B; 16–22min, 40% A/60% B–60% A/40% B; 22–23 min, 60% A/40% B–95% A/5% B;
23–25 min 95% A/5% B. The injection volume was 20 μL.

5.5. Calculation of Mycotoxin Adsorption Rate (%)

The percentage of adsorption rate was calculated according to the following equation:

% binding capacity= 100 × (Ci − Cf)/Ci (1)

where
Ci is the initial concentration of mycotoxin
Cf is the concentration of unbound mycotoxin after incubation period

5.6. Calculation of the Binding Efficiency

The binding efficiency of the clays was determined according to the obtained results of the
adsorption and desorption rate ((1) and (2))

% Desorption = ((% Adsorption pH3 −% Adsorption pH7)/% Adsorption pH3) × 100 (2)

with
% binding efficiency =% Adsorption −% Desorption (3)

5.7. Statistical Analysis

Data were analyzed using the statistical software SPSS version 24 (IBM, New York, NY, USA) and
results are presented as means± SD. All analyses were performed in triplicate, and the significance of the
means value was performed with the student’s t-test after determination of normality. Results were
considered statistically significant at p ≤ 0.05.
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Abstract: Aspergillus carbonarius is a saprobic filamentous fungus, food spoiling fungus and
a producer of ochratoxin A (OTA) mycotoxin. In this study, the in vitro antifungal activity of
neem oil (0.12% p/p of azadirachtin) was evaluated against the growth of six strains of A. carbonarius
and the production of OTA. Four different concentrations of neem oil were tested in addition to three
incubation times. Only the concentration of 0.3% of neem oil inhibited more than 95% of the strain’s
growth (97.6% ± 0.5%), while the use of 0.5% and 1.0% of neem oil showed lower antifungal activity,
40.2% ± 3.1 and 64.7% ± 1.1, respectively. There was a complete inhibition of OTA production with
0.1% and 0.3% neem oil in the four strains isolated in the laboratory from grapes. The present study
shows that neem essential oil can be further evaluated as an auxiliary method for the reduction of
mycelial growth and OTA production.

Keywords: mycotoxins; essential oils; ecophysiology

Key Contribution: Neem oil was an effective inhibitor of mycelial growth of the assayed Aspergillus
carbonarius strains and ochratoxin A production in vitro.

1. Introduction

Members of the Aspergillus spp., among many other toxigenic fungi, have been found to have
a strong ecological link with human food supplies [1]. They are often associated with food and animal
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feed during drying and storage but may also occur as plant pathogens. Black aspergilli, Aspergillus
classified into the section Nigri [2], have been isolated from a wide variety of food and are distributed
worldwide (animal feed, cereals, cocoa, coffee, dried fruits, fruits, garlic, olives, onions) and are
considered as common fungi causing food spoilage and biodeterioration of other materials [3,4].
Furthermore, they are important producers of ochratoxin A (OTA), the main species involved in OTA
biosynthesis is Aspergillus carbonarius, commonly isolated from tropical regions as a contaminant of
vineyards [5].

OTA can result in toxic effects to human and animal species. This toxicity may be acute or
chronic, and varies depending on the amount of OTA absorbed, the exposure time, species affected,
age and sex [6]. Among the toxic effects it is possible to highlight nephrotoxicity (tubular necrosis),
hepatotoxicity, teratogenicity, enteritis and carcinogenesis [7]. OTA is also classified as Group 2B,
possibly carcinogenic to humans, according to the International Agency for Research on Cancer [8].
OTA has also been correlated to Balkan endemic nephropathy (BEN) [9]. Due to all the economic,
human and animal health damages that the contamination of A. carbonarius and OTA can cause,
the prevention and control of these fungi and mycotoxin are of extreme importance.

Essential oils (EO) are a complex mixture of volatile, odoriferous, aromatic compounds that have
antioxidant and antimicrobial components [10,11]. In addition, studies have already shown that EOs
improve the flavor and palatability of feed, thus increasing voluntary feed intake by animals [12,13].
This could make these substances good for biological control against fungi and mycotoxins. The physical
nature of essential oils (i.e., low molecular weight combined with pronounced lipophilic tendencies)
allow them to penetrate the cell membrane more quickly than other substances [14]. Moreover,
several studies have focused on the possible use of different essential oils as biological drivers against
aflatoxigenic fungi [15–18].

Neem oil is an EO extracted from different parts of the neem tree (Azadirachta indica), a native tree
from the drier regions of Asia and Africa that is considered a very important medicinal plant. So far,
more than 300 phytochemicals, chemically diverse and structurally complex, have been extracted and
isolated from different parts of this tree [19]: from leaves—azadirachtin (AZ), nimonol, nimocinol
and nimocinolide; from barks—gallic acid, gallocatechin and epicatechin; from seeds—azadirachtin
(AZ), azadiradione, nimbin, salannin and epoxyazadiradione [20–24]. These chemical compounds
have demonstrated a wide range of unusual effects against a wide spectrum of pests (insects, fungi,
and viruses) [25]. Neem EO is commonly used as an antipyretic, natural insecticide, antimicrobial,
antimalarial agent, antibacterial, antifungal, antiviral and for the treatment of leptospirosis [26–30].
Neem leaf extract (NLE) also has anti-fertility effects, by NLE–induced oocyte apoptosis [31].
Even though they are effective against a wide spectrum of insects, fungi and viruses, these compounds
have low toxicity to mammals [25], which reveals the great potential of this oil for use a possible
biological control of fungi and mycotoxins. There are no values of reference for the use of neem oils and
extracts but based on the “lead compound concept” the European Commission, Health and Consumers
Directorate-General established 0.1 mg/kg body weight/day as the acceptable daily intake (ADI) for
the lead compound AZ [32].

Thus, the aims of the present work were to evaluate: (i) the efficacy of different concentration
levels of neem oil on growth parameters: lag phase and growth rate of six ochratoxigenic Aspergillus
carbonarius strains; (ii) the potential to control ochratoxin A production by these strains grown on
Czapek yeast extract agar (CYA) at different incubation times.

2. Results

The effects of different concentrations of neem oil on the percentage of growth inhibition of six
Aspergillus carbonarius strains assayed on a CYA medium are shown in Table 1.

Among the four concentrations of neem oil screened, 0.1% and 0.3% inhibited more than 82%
and 97%, respectively, of the growth of A. carbonarius strains, which indicate a high antifungal activity
(>80%). The 0.5% concentration had a poor anti-fungal effect (<50%), whereas the application of 1.0%
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of neem oil had a medium effect (59–71%). Although the regression analysis indicated significant linear
dose-responses (Table 2), the data fit a more cubic polynomial model (Figure 1).

Table 1. Percentage of growth inhibition of six A. carbonarius strains produced by different concentrations
of neem oil on a Czapek yeast extract agar (CYA) medium.

Strains
Concentration Levels of Neem Oil (%)

0.1 0.3 0.5 1.0

FRR5690 73.7 ± 8.5 96.3 ± 0.3 45.1 ± 1.7 58.5 ± 1.7
A2034 91.1 ± 1.1 98.8 ± 0 34.5 ± 2.8 70.8 ± 3.1
RCG1 97.8 ± 2.2 100 ± 0 47.3 ± 9.3 62.2 ± 4.0
RCG2 87.1 ± 0.6 98.9 ± 0 36.4 ± 4.4 65.6 ± 4.9
RCG3 96.3 ± 2.3 98.2 ± 0.6 40.9 ± 1.1 61.5 ± 3.6
RCG4 49.2 ± 4.5 93.7 ± 1.3 37.1 ± 1.7 69.5 ± 2.9

Means ± SD 82.5 ± 17.7 b 97.6 ± 2.2 a 40.2 ± 6.1 d 64.7 ± 5.4 c

SD: standard deviation. a–d Means with different letters are significantly different (p < 0.001).

Table 2. Outputs of the ANOVA with single-degree-of-freedom orthogonal polynomial contrasts for the
effects of different concentrations (C) of neem oil on growth inhibition of six A. carbonarius strains (ST).

Source df Type III SS MS F p-Value

(C) 3 32,923.07 10,974.36 118.79 <0.0001*
Covariate: (ST) 1 340.49 340.49 3.69 0.0591

Error 67 6189.78 92.38

Contrast df Contrast SS MS F p-value

(C)-linear 1 11,077.80 11,077.80 119.91 <0.0001*
(C)-quadratic 1 392.93 392.93 4.25 0.0431*

(C)-cubic 1 21,452.34 21,452.34 232.21 <0.0001*

Parameter Estimate SE p-value

(C)-linear −110.94 10.13 <0.0001*
(C)-quadratic 9.34 4.53 0.0431*

(C)-cubic 154.39 10.13 <0.0001*

“Strains” was not a significant covariate. Overall model R2 = 0.84. df: degrees of freedom; SS: sum of squares; MS:
mean squares; F: Fisher–Snedecor test. * Significant p < 0.001.

Mean lag phase (h) of six A. carbonarius strains at different concentration levels of neem oil are
shown in Table 3.

Table 3. Lag phase (h) of six A. carbonarius strains at five different concentration levels of neem oil.

Strains
Concentration Levels of Neem Oil (%)

0 (Control) 0.1 0.3 0.5 1.0

FRR5690 7.4 ± 3.8 101.7 ± 27.0 ≥540 29.6 ± 1.3 52.5 ± 2.6
A2034 5.6 ± 1.7 53.2 ± 8.2 ≥540 16.6 ± 4.2 40.7 ± 4.5
RCG1 13.1 ± 0.8 531.7 ± 14.4 ≥540 31.9 ± 6.2 40.5 ± 6.7
RCG2 8.4 ± 2.0 87.6 ± 4.1 ≥540 26.5 ± 2.0 45.8 ± 3.3
RCG3 2.9 ± 2.6 ≥540 ≥540 18.0 ± 3.7 41.3 ± 2.8
RCG4 6.5 ± 0.5 154.0 ± 15.4 36.0 ± 6.9 15.7 ± 3.6 47.9 ± 0.6

Means ± SD 7.5 ± 3.7 c 226.6 ± 207.5 b 456.2 ± 193.3 a 23.2 ± 7.4 c 44.9 ± 5.6 c

SD: standard deviation. a–c Means with different letters are significantly different (p < 0.001).
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Neem oil concentrations of 0.3% and 0.1% had a significant effect on lag phase, increasing the time
needed for each strain to reach the exponential phase. The regression analysis showed a significant
polynomial trend model correlation of different neem oil concentrations with the lag phase (Table 4),
and the cubic trend seemed to better fit the model (Figure 1).

Table 4. Outputs of the ANOVA with single-degree-of-freedom orthogonal polynomial contrasts for
the effects of different concentrations (C) of neem oil on lag phase of six A. carbonarius strains (ST).

Source df Type III SS MS F p-Value

(C) 4 2,640,845.40 660,211.35 42.09 <0.0001*
Covariate: (ST) 1 23,815.89 23,815.89 1.52 0.2213

Error 83 1,301,845.28 15,684.88

Contrast df Contrast SS MS F p-value

(C)-linear 1 29,536.64 29,536.64 1.88 0.1737
(C)-quadratic 1 1,431,427.76 1,431,427.76 91.26 <0.0001*

(C)-cubic 1 347,184.26 347,184.26 22.13 <0.0001*

Parameter Estimate SE p-value

(C)-linear −128.48 93.62 0.1737
(C)-quadratic −1057.38 110.68 <0.0001*

(C)-cubic 444.36 94.45 <0.0001*

“Strains” was not a significant covariate. Overall model R2 = 0.67. df: degrees of freedom; SS: sum of squares; MS:
mean squares; F: Fisher–Snedecor test. * Significant p < 0.001.

The effect of neem oil treatments on OTA production by six A. carbonarius strains assayed after 2, 7
and 10 days of incubation is shown in Table 5.

Table 5. Ochratoxin A (OTA) concentration (ng/g) produced by six A. carbonarius strains at five different
concentration levels of neem oil at the incubation times assayed.

Strains
Incubation

Time (Days)
OTA Concentration (ng/g)

0 0.1 0.3 0.5 1.0

FRR5690
2 62.5 ± 4.7 Nd Nd 368.8 ± 34.3 Nd
7 267.9 ± 46.5 Nd Nd 637.7 ± 35.4 2817.2 ± 219.9

10 334.3 ± 7.4 Nd 28.2 ± 3.2 986.3 ± 86.1 2954.7 ± 54.4

A2034
2 117.9 ± 2.1 Nd Nd 468.2 ± 12.1 110.5 ± 4.0
7 225.5 ± 10.0 13.8 ± 0.0 Nd 624.4 ± 18.4 454.5 ± 4.5
10 325.7 ± 20.3 22.2 ± 2.2 Nd 741.3 ± 21.6 720.2 ± 1.3

RCG1
2 201.6 ± 2.2 Nd NG 232.2 ± 25.9 168.0 ± 12.2
7 278.8 ± 10.8 Nd NG 358.0 ± 8.0 268.3 ± 0.6
10 396.3 ± 7.8 Nd NG 432.9 ± 2.0 258.5 ± 26.5

2 102.6 ± 6.4 Nd Nd 512.7 ± 30.7 160.2 ± 11.0
RCG2 7 573.2 ± 19.2 Nd Nd 2281.2 ± 79.2 1808.3 ± 50.4

10 758.6 ± 58.6 Nd Nd 1785.0 ± 10.2 6164.4 ± 329.4

2 227.8 ± 49.8 Nd Nd 232.5 ± 56.6 280.1 ± 81.4
RCG3 7 384.3 ± 25.8 Nd Nd 2232.6 ± 273.4 1904.2 ± 155.8

10 528.6 ± 33.0 Nd Nd 1403.5 ± 300.7 3054.8 ± 199.9

2 86.4 ± 7.5 Nd Nd 542.9 ± 41.1 Nd
RCG4 7 160.7 ± 6.1 Nd Nd 183.5 ± 5.5 1507.4 ± 9.4

10 203.8 ± 6.8 Nd Nd 278.5 ± 16.5 2103.7 ± 102.9

2 122.3 ± 68.8 cC Nd dC 0.8 ± 0.4 dC 392.9 ± 132.8 bC 120.1 ± 105.1 aC

Means ± SD 7 309.6 ± 142.2 cB 3.13 ± 4.9 dB 0.8 ± 0.4 dB 1025.2 ± 869.7bB 1460.0 ± 905.3 aB

10 424.6 ± 184.7 cA 4.5 ± 8.2 dA 5.4 ± 10.6 dA 965.7 ± 597.7 bA 2542.7 ± 1987.7 aA

SD: standard deviation; NG: not growth; Nd: not detected (limit of detection 1ng/g). a–d Means with different
lowercase letters in the row are significantly different (p < 0.001). A–C Means with different capital letters in column
are significantly different (p < 0.001).
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There was a complete inhibition in OTA production with the addition of 0.1% and 0.3% of neem oil
for the four strains isolated from grapes whereas the two reference strains assayed (FRR5690 and A2034)
produced low levels of OTA (28.2 and 22.2 ng/g, respectively) at 10 days of incubation. The absence of
OTA production was also observed at two days of incubation and 1% of neem oil for FRR5690 and
RCG4 strains.

The overall treatment time showed an increase in OTA production as incubation time increased
and the regression analysis indicated significant linear dose-responses (Table 6; Figure 1).

An increase in OTA production was observed at 0.5% and 1% of neem oil. These two concentrations
stimulated the OTA production at the end of the incubation period in 116.8 ± 78.8% and 498.8 ±
385.4%, respectively.

Single factors (concentration of neem oil and incubation time) as well as two-way interaction had
a significant effect on OTA production by A. carbonarius strains studied (p < 0.001) (Table 6).

Table 6. Outputs of the ANOVA with single-degree-of-freedom orthogonal polynomial contrasts for the
effects of different concentrations (C) of neem oil on ochratoxin A (OTA) production of six A. carbonarius
strains (ST) at three incubation times (T).

Source df Type III SS MS F p-Value

(C) 4 75,146,241.75 18,786,560.44 47.27 <0.0001*
(T) 2 20,290,698.84 10,145,349.42 25.52 <0.0001*

Covariate: (ST) 1 569,135.62 569,135.62 1.43 0.2326
(C)* (T) 8 37,954,380.17 4,744,297.52 11.94 <0.0001*
Error 254 100,956,999.01

Contrast df Contrast SS MS F p-value

(C)-linear 1 47,609,459.27 47,609,459.27 119.78 <0.0001*
(C)-quadratic 1 24,443,018.97 24,443,018.97 61.50 <0.0001*

(C)-cubic 1 1,320,779.85 1,320,779.85 3.32 0.0695

Parameter Estimate SE p-value

(C)-linear 2969.27 271.30 <0.0001*
(C)-quadratic 2517.36 321.01 <0.0001*

(C)-cubic −494.56 271.30 0.0695

Contrast df Contrast SS MS F p-value

(T)-linear 1 19,669,576.14 19,669,576.14 49.49 <0.0001*
(T)-quadratic 1 621,122.70 621,122.70 1.56 0.2124

Parameter Estimate SE p-value

(T)-linear 661.14 93.98 <0.0001*
(T)-quadratic −203.49 162.78 0.2124

“Strains” was not a significant covariate. Overall model R2 = 0.57. df: degrees of freedom; SS: sum of squares;
MS: mean squares; F: Fisher–Snedecor test. * Significant p < 0.001.
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Figure 1. (a) The cubic polynomial fitting curve for percentage of growth inhibition of A. carbonarius
strains against different concentrations of neem oil; (b) fitted regression curve using non-linear cubic
splines for lag phase vs. different concentrations of neem oil; (c) the fitted cubic spline model to the
OTA concentration data; (d) the linear curve fitting of incubation time vs. OTA concentration.

3. Discussion

The effect of natural or synthetic compounds on Aspergillus section Flavi species growth and
aflatoxin production has already been described by some authors. Gowda, Malathi and Suganthi [33]
studied the effect of some chemical and herbal compounds on the growth of other toxicogenic
specie, Aspergillus parasiticus, and it was observed that neem oil at 0.5% had moderate anti-fungal
activity (84% reduction vs. control), and at 0.2% and 0.1% a low antifungal activity, 52% and 36%,
respectively. A lower percentage of reduction in fungal biomass (51%) was obtained by Zeringue
and Bhatnagar [34] who studied the effects of neem leaf volatiles on submerged cultures of the same
species. The contradictions between these results and the present study can possibly be explained by
the different biochemical pathways that regulate the synthesis of the different mycotoxins produced
by studied Aspergillus species and by the differences in the composition and therefore, the properties
of each oil fraction. Razzaghi-Abyaneh et al. [35] agreed with those authors previously mentioned
since they reported that neem leaf and seed extract can cause morphological alterations in the exposed
mycelia, and then lead to cellular destruction.

Sitara et al. [36] concluded that the ideal concentrations for the reduction of the Alternaria alternata
growth was 0.1% and 0.15% of neem oil extracted from seeds. These results corroborate the ideal
concentrations of 0.1% and 0.3% found in this study. On the other hand, Bhatnagar and McCormick [37],
studied the effects of the neem leaf extracts at 1%, 5%, 10%, 20% and 50% (v/v) on growth of A. parasiticus
and concluded that it had no significant alterations at the mycelial growth. These results were very
similar to Zeringue and Bhatnagar [38], that evaluated the effects of neem leaf extract on Aspergillus
flavus and found only 4–7% of growth reduction.
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On the other hand, Zeringue, Shih and Bhatnagar [39] studied the effects of clarified neem oil on
growth in submerged and plated cultures of aflatoxigenic Aspergillus spp. which resulted in an increase
of 11–31% measured by mycelia mass. Garcia and Garcia [40] agreed with those authors previously
mentioned since they reported that neem did not inhibit either growth or aflatoxin production by
A. flavus and A. parasiticus.

The 0.1% and 0.3% concentrations of neem oil completely inhibited the production of OTA for the
four strains isolated from grapes. This can be explained since none of the four wild strains at 0.1% and
three strains (RCG1, RCG2 and RCG3) at 0.3% had reached the exponential growth phase. However,
at 0.5% and 1.0% concentrations, all the strains, except RCG1, showed increased production of OTA;
this possibly occurred because these concentrations inhibited less of the mycelial growth in all of the
six strains assayed. Another possibility is that the presence of the neem oil and the AZ compound
in high concentrations could lead to an exacerbated oxidative stress situation by the fungus and
an increase in OTA production.

According to the previous data in literature [41] the sensitivity of Aspergillus spp. to oxidative
status perturbations is closely related to the production of mycotoxins. Several publications [41,42]
addressed the exact mechanisms included in regulating the development and secondary metabolism
of many Aspergillus spp. The production of mycotoxins is triggered by oxidative stress; an increase
in reactive oxygen species (ROS) levels can increase mycotoxins levels, noting this phenomenon as
one of the defense mechanisms of fungal cells. The tolerance of A. flavus and A. parasiticus isolates
to oxidative stress has also been shown to be correlated with their levels of aflatoxin production.
Roze et al. [43] showed that conidia of isolates with higher levels of aflatoxin production also exhibited
greater viability when cultured in ROS-amended medium.

Finally, another possibility is that higher concentrations (0.5% and 1.0%) of neem oil could have
exceeded the solubility limits of the tested medium and the effective compounds did not have the same
activity as in the lower concentrations [44,45].

These results are divergent to Bhatnagar and McCormick [37] who found that using 10%
concentration of neem leaf extract reduces 98% of A. parasiticus aflatoxins production even if there is no
inhibition of the mycelial growth. Allameh et al. [46] concluded that the concentration needed to reduce
90% of the aflatoxin production from A. parasiticus was 50% of neem leaf extract (v/v). This concentration
was 150 times greater than the ideal concentration of neem oil found in this study. Razzaghi-Abyaneh
et al. [35] also found a high reduction (91.3%) of aflatoxin production per μg of mycelia by A. parasiticus
using 1.56% of neem extracts from seeds and leaf.

While many compounds and substances have been found to effectively inhibit fungal growth and
aflatoxin production, others have stimulatory properties and affect the biosynthesis or bioregulation of
aflatoxins, just like what happened with the utilization of 0.5% and 1.0% concentration of neem oil [47].
Nowadays, the information about action mechanisms of these compounds on Aspergillus species is
limited, however it is possible to assure that the neem oil has important antifungal properties against
A. carbonarius.

4. Conclusions

These findings clearly indicate the use of neem oil in low concentrations, such as 0.1% and 0.3%,
is a good possibility as an auxiliary control method for mycelial growth reduction in Aspergillus
carbonarius strains and the inhibition of ochratoxin A production. Mycotoxin contamination in food
poses serious health hazards to animals and humans. Very few scattered reports are available on the
effects of plant oils on growth of ochratoxigenic fungi. This study can contribute to the knowledge
to develop effective anti-mycotoxigenic natural products for reduction of mycotoxigenic fungi and
mycotoxins in foods.
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5. Materials and Methods

5.1. Fungal Strains

Six Aspergillus carbonarius strains were evaluated as follows: two reference strains (FRR5690 and
A2034) from the CSIRO Collection Centre, Australia and four A. carbonarius strains (RCG1, RCG2,
RCG3 and RCG4) isolated from dry grapes in Argentina [48]; all of them were OTA producers on
yeast extract sucrose (YES, HiMedia Laboratories Pvt. Ltd., Mumbai, India) medium (2% yeast extract,
15% sucrose).

5.2. Culture Medium

Commercial neem oil (Base Fértil Agrícola, Cravinhos, SP, Brazil) was used in this study. According
to the manufacturer’s certificate of analysis, neem oil was extracted from seeds and contained 0.12%
p/p of azadirachtin (= 1200 ppm). Neem oil was added to the Czapek yeast extract agar (CYA, HiMedia
Laboratories Pvt. Ltd., Mumbai, India) at final concentrations of 0.1%, 0.3%, 0.5% or 1.0% (v/v) at 45 ◦C.
Plates containing CYA media without neem oil were used as control.

5.3. Inoculation and Incubation Conditions

Spore suspensions of the six A. carbonarius strains were obtained by scraping the surface of
a 7-day-old colony cultured in 2% malt extract agar (MEA, HiMedia Laboratories Pvt. Ltd., Mumbai,
India) and transferring the conidia to a tube containing 10 mL of sterile distilled water supplemented
with 0.1% Tween 20. The solution was homogenized and read in a spectrophotometer (530 nm) to
obtain a transmittance between 80% and 82%, which corresponds to 1–5 × 106 colony forming units
per milliliter (CFU/mL). Then the Petri plates were needle-inoculated centrally with 10 μL of the spore
suspension. The plates were incubated at 25 ◦C ± 2 for a maximum of two weeks.

5.4. Growth Assessment

Two perpendicular diameters of the growing colonies were measured daily until the colony
reached the edge of the plate or for a maximum of two weeks. The percentage inhibition of diameter
growth (PIDG) values were determined according to the equation as below:

PIDG (%) =
Diameter of sample − Diameter of control

Diameter of control
× 100

Growth rate (mm day−1) was calculated by linear regression of colony diameter against time for
each strain at each set of conditions tested, and the time at which the line intercepted the x-axis was
used to calculate the lag phase (h) in relation to isolate and essential oil. In all cases, the experiments
were carried out with three replicates per treatment. The growth of fungal cultures containing different
concentrations of neem oil was compared with that of the control culture that was grown with no EO.

5.5. Ochratoxin A Extraction from Culture

Ochratoxin A production was analyzed after 2, 7 and 10 days of incubation. The methodology
proposed by Bragulat, Abarca and Cabañes [49] with some modifications was used. On each sampling
occasion, three agar plugs were removed from different points of the colony and extracted with
1 mL of methanol. The mixture was centrifuged at 14,000 rpm for 10 min. The solutions were
filtered (syringe filters, 17 mm, 0.45 μm, nylon membranes), evaporated to dryness, and re-dissolved
in 200 μL of mobile phase (acetonitrile:water:acetic acid, 57:41:2) and the extracts injected into the
high-performance liquid chromatography system.
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5.6. OTA Detection and Quantification

The OTA production was detected and quantified by reversed phase in a high performance
liquid chromatography system Hewlett Packard Serie 1100 (HP/Agilent, Santa Clara, CA, USA)
with fluorescence detection (λexc 330 nm; λem 460 nm) using a C18 column (Supelcosil™ LC-ABZ,
150 × 4.6 mm, 5 μm particle size), connected to a precolumn (Supelguard™ LC-ABZ, 20 × 4.6 mm, 5 μm
particle size). The mobile phase was pumped at 1.0 mL/min. The injection volume was 100 μL and the
retention time was around 4 ± 1 min. The detection limit of the analyses was 1 ng/g [50].

5.7. Statistical Analyses

Statistical analyses were conducted using PROC GLM in SAS program (SAS Institute Inc., Cary,
NC, USA). The differences between growth inhibition percentage, lag phase and OTA production
at different concentration levels of neem oil by six Aspergillus carbonarius strains at 2, 7 and 10 days
were analyzed statistically by analyses of variance (ANOVA). The statistical models used in ANOVA
considered the effects of the dependent variables and “strains” as a covariate within the different
concentration levels of neem oil. The independence of the covariate was formally checked. Means were
compared by Fisher’s LSD test to determine the influence of the neem oil on the ecophysiology of the
strains assayed [51]. Orthogonal polynomial contrasts were used to determine linear, quadratic and
cubic responses to neem oil. The OTA production data contained some results of “not detected” (ND).
That is, the OTA concentration was not detected above the detection limit (DL) of the used method.
The actual concentration represented by ND is some value below the DL, however, the analytical
method cannot determine whether the ND is truly zero or some unquantifiable value between zero
and the DL. For this situation we used the substitution method, replacing the ND with the DL value
(1 ng/g). In the cases of “not growth” (NG) results, we performed the substitution with zero.
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Abstract: Insects are considered a suitable alternative feed for livestock production and their use is
nowadays regulated in the European Union by the European Commission Regulation No. 893/2017.
Insects have the ability to grow on a different spectrum of substrates, which could be naturally
contaminated by mycotoxins. In the present work, the mycotoxin uptake and/or excretion in two
different insect species, Alphitobius diaperinus (Lesser Mealworm, LM) and Hermetia illucens (Black
Soldier Fly, BSF), grown on naturally contaminated substrates, was evaluated. Among all the
substrates of growth tested, the Fusarium toxins deoxynivalenol (DON), fumonisin 1 and 2 (FB1
and FB2) and zearalenone (ZEN) were found in those based on wheat and/or corn. No mycotoxins
were detected in BSF larvae, while quantifiable amount of DON and FB1 were found in LM larvae,
although in lower concentration than those detected in the growing substrates and in the residual
fractions. Mass balance calculations indicated that BSF and LM metabolized mycotoxins in forms not
yet known, accumulating them in their body or excreting in the faeces. Further studies are required
in this direction due to the future employment of insects as feedstuff.

Keywords: Alphitobius diaperinus; Hermetia illucens; edible insects; mycotoxin; uptake; excretion;
feed safety

Key Contribution: This study demonstrates that Alphitobius diaperinus and Hermetia illucens; two
common edible insects; reared on naturally contaminated substrates; did not accumulate DON; FBs
and ZEN in their body; but seemed to metabolize them in forms not yet known; excreting them in the
faeces also by the hydrolysis of masked forms.

1. Introduction

Given the large growth of the World population expected in the coming years, it has been
estimated that the demand for food will raise of about the 60% in 2050 [1]. Along the food chain,
the meat production represents the field with the most impact, with serious consequences on the
demand of feed supply. Edible insects have been explored as an alternative to common livestock,
and their use is encouraged for their sustainability and the minimal environmental impact applied
in their breeding [2,3]. Furthermore, edible insects have been proposed as a promising alternative
nutrient source due to the high content and quality of their macronutrients [4]. In general, they have a
well-balanced nutrient profile, high in polyunsaturated fatty acids and essential amino acids which
meet the requirement for humans and livestock, rich in micronutrients and vitamins [5].
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In the European Union, the use of insects in the feed and food sector is nowadays regulated by a
package of legislative texts. Insects are included in the category of Novel Foods and the European
Food Safety Authority (EFSA) authorization is mandatory before their marketing in the European
Union (EU) [6]. As alternative source for feedstock, they may substitute the sources of protein and fat
normally added in animal feed, as soy, maize, grain and fishmeal [7]. Insects can be used as whole or
processed. Whole insects, alive or dried, and fat fraction can be employed for livestock feed, except for
aquaculture [8]. Whereas, the protein fraction isolated from insects can be used to feed pet and fur
animals, but not for ruminants and monogastrics [9]. Recently, the European Commission (EC) has
expanded also to the aquaculture sector, the addition of processed proteins from seven insect species:
Black Soldier Fly (Hermetia illucens), Common Housefly (Musca domestica), Yellow Mealworm (Tenebrio
molitor), Lesser Mealworm (Alphitobius diaperinus), House Cricket (Acheta domesticus), Banded Cricket
(Gryllodes sigillatus) and Field Cricket (Gryllus assimilis) [8].

One of the limitations in the use of insects as feed and food is certainly linked to safety aspects. The
potential hazards are related to exogenous and endogenous factors, which could be influenced also by
harvesting and processing methods, and which could be achieved during all the insect life-cycle [4,10].
Exogenous factors may occur from the behavior and from the substrate of growth which, as feed,
must meet the requirements of the current regulation that fixed the maximum limits of undesirable
substances in feedstock [11,12]. In particular, the potential hazards could be heavy metal residues,
pesticides and mycotoxins.

Mycotoxins are a wide range of different substances, produced by the secondary metabolism of
various species of fungi, that can infect cereal or vegetable crops at pre- or post-harvest [13]. Mycotoxins
are characterized by a large chemical diversity and may exert a broad spectrum of adverse effects in
animals and humans [14,15]. In addition, they can undergo biotransformation in plants, microbes
and animals [16] leading to the uptake of modified forms which may account for a similar toxicity
compared to parent compounds [14].

Although mycotoxin occurrence in food and feed is extensively covered by regulation/guidelines
at EU level, their presence at concentration levels not exceeding the EU limits cannot be ruled out
in rearing substrates obtained from vegetable waste. Therefore, insects are potentially exposed to
mycotoxins when reared on a contaminated substrate and, at least from a theoretical point of view,
they could accumulate mycotoxins (or modified forms) at levels exceeding the legal limits.

However, despite a growing interest, only few papers have addressed the possible uptake and
biotransformation of mycotoxins in insects so far [17–22]. Although information on the possible
biotransformation and/or excretion mechanisms are still scattered, all the studies performed to
date consistently demonstrated that parent mycotoxins are not bioaccumulated by insects grown in
contaminated substrates.

However, many of these studies were done on substrates artificially contaminated with mycotoxins,
possibly not exactly describing the situation arising in the case of a natural contamination.

The aim of this research, in the framework of the EU project InDIRECT, was to investigate the
possible uptake and excretion of mycotoxins in two species of insect larvae, Lesser Mealworm (LM)
and Black Soldier Fly (BSF), produced on different naturally contaminated substrates, obtained from
vegetable and cereals waste.

2. Results

Different feed materials were selected for the experiments, in order to ensure optimal growth of
the larvae on the basis of preliminary trials. These wastes derived from the processing of cereals, as
wheat, corn, rice, while others were chosen among vegetables, as olive and apple pomace, rapeseed
and chopped carrots (Table 1).
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Table 1. Substrates used for feed formulations with results about their mycotoxin contamination
(deoxynivalenol (DON), fumonisins 1 and 2 (FB1 and FB2), zearalenone (ZEN)). Results showed the
detected mycotoxins and are reported as mean of two different replicates ± standard deviation.

Substrate Samples Mycotoxin Amount (μg/kg)

Sample Code Description DON FB1 FB2 ZEN

WM Wheat middlings 938 ± 100 <LOD <LOD <LOD
CDR Corn distillation residues 779 ± 5 573 ± 3 441 ± 3 <LOD
CG Corn gluten feed 1207 ± 43 727 ± 6 294 ± 5 173 ± 4
RB Rice Bran <LOD <LOD <LOD <LOD
RW Rapeseed wastes <LOD <LOD <LOD <LOD
OP Olive pomace LOD <LOD <LOD <LOD
AP Apple pomace <LOD <LOD <LOD <LOD
CC Chopped carrots <LOD <LOD <LOD <LOD

Samples were analysed for all the regulated mycotoxins, according to the possible occurrence.
In particular, samples were analysed for Fusarium toxins (deoxynivalenol (DON), fumonisins 1 and
2 (FB1 and FB2), zearalenone (ZEN)) as well as aflatoxins, while the possible presence of patulin
was checked in vegetable-based samples. All samples underwent ochratoxin (OTA) analysis, in
consideration of its possible synthetisation postharvest in all the considered feed materials. As shown
in Table 1, only Fusarium toxins were found in three out of eight matrices, at concentration levels in
agreement with the EU limits for cereal-based feed. While only DON (938 ± 100 μg/kg) was found
in wheat middlings, the contemporary presence of DON, FB1, FB2 and ZEN was detected in corn
wastes. In order to optimize and promote the insect growth, 15 feed formulations were obtained by
mixing these substrates (originated from the same batch) in different percentages. In particular, corn
distillation residues were mixed with chopped carrots, olive and apple pomace, while wheat middlings
with corn gluten feed, rice bran and rapeseed, as indicated in Table 2.

According to the contamination pattern observed in raw waste materials, BSF and LM larvae
were analysed for the target mycotoxins and results are reported in Table 2. No mycotoxin uptake
was observed in BSF larvae, while DON was detected in six out of 13 LM larvae samples, being one
contaminated by FB1 as well.

Table 2. Larvae of Black Soldier Fly (Hermetia illucens, BSF) and Lesser Mealworm (Alphitobius diaperinus,
LM) reared on the feed formulations with results about the target mycotoxins occurrence. Results are
the mean of two different replicates and are reported as mean ± standard deviation. Abbreviations:
deoxynivalenol, DON; fumonisins 1 and 2, FB1 and FB2; zearalenone, ZEN; corn distillation residues,
CDR; olive pomace, OP; apple pomace, AP; wheat middlings, WM; corn gluten feed, CG; rice bran, RB;
rapeseed wastes, RW.

Larvae Samples Mycotoxin Amount (μg/kg)

Sample Code Description DON FB1 FB2 ZEN

BSF-100% CDR BSF larvae grown on: 100% CDR <LOD <LOD <LOD <LOD
BSF-79% CDR-10.5%

OP/AP
BSF larvae grown on: 79% CDR, 10.5%
OP, 10.5% AP <LOD <LOD <LOD <LOD

LM-100% WM LM larvae grown on: 100% WM, 0% CG 416 ± 28 <LOD <LOD <LOD
LM-75% WM-25% CG LM larvae grown on: 75% WM, 25% CG 608 ± 59 <LOD <LOD <LOD
LM-50% WM-50% CG LM larvae grown on: 50% WM, 50% CG <LOD <LOD <LOD <LOD

LM-100% CG LM larvae grown on: 100% CG 726 ± 164 127 ± 6 <LOD <LOD
LM-100% CDR * LM larvae grown on: 100% CDR * 468 ± 181 <LOD <LOD <LOD

LM-95% WM-5% RB LM larvae grown on: 95% WM, 5% RB <LOD <LOD <LOD <LOD
LM-90% WM-10% RB LM larvae grown on: 90% WM, 10% RB 755 ± 134 <LOD <LOD <LOD
LM-85% WM-15% RB LM larvae grown on: 85% WM, 15% RB <LOD <LOD <LOD <LOD
LM-80% WM-20% RB LM larvae grown on: 80% WM, 20% RB <LOD <LOD <LOD <LOD
LM-95% WM-5% RW LM larvae grown on: 95% WM, 5% RW <LOD <LOD <LOD <LOD

LM-90% WM-10% RW LM larvae grown on: 90% WM, 10% RW <LOD <LOD <LOD <LOD
LM-85% WM-15% RW LM larvae grown on: 85% WM, 15% RW 557 ± 237 <LOD <LOD <LOD
LM-80% WM-20% RW LM larvae grown on: 80% WM, 20% RW <LOD <LOD <LOD <LOD

* A small amount of chopped carrots was arbitrarily added in order to get the desired water content for optimal
insect growth.
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In particular, DON was detected in samples of LM larvae grown on substrates prepared with high
percentages of wheat and/or corn residues, and the amount of contamination ranged between 416 ± 28
μg/kg of larvae produced on 100% of wheat wastes and 755 ± 134 μg/kg of insects cultivated on wheat
(90%) added with rice (10%). Low concentrations of FB1 (127 ± 6 μg/kg) were detected in LM larvae
grown on a substrate composed of 100% of corn gluten feed.

In order to evaluate the uptake and possible excretion of mycotoxins, the residual fractions were
also analysed. All the results are listed in Table 3. Interestingly, the contemporary presence of DON,
FB1, FB2 and ZEN was observed in the residual fraction obtained from BSF larvae grown on 100%
corn residues, while DON and FB1 were detected in residual fractions from LM corn-based growing
substrates. No residual contamination was observed in wheat-based residual fractions, in spite of the
DON occurrence detected in wheat waste.

Table 3. Residual fractions harvested from insects resulted positive to the presence of target mycotoxins
and results about their concentration level expresses as μg/kg. Results are the mean of two different
replicates and are reported as mean ± standard deviation. Abbreviations: black soldier fly, BSF; lesser
mealworm, LM; deoxynivalenol, DON; fumonisins 1 and 2, FB1 and FB2; zearalenone, ZEN; corn
distillation residues, CDR; olive pomace, OP; apple pomace, AP; wheat middlings, WM; corn gluten
feed, CG; chopped carrots, CC; rice bran, RB; rapeseed wastes, RW.

Residual Fraction Samples Mycotoxin Amount (μg/kg)

Sample Code Description DON FB1 FB2 ZEN

REST-BSF-100% CDR Rests of BSF larvae grown on: 100% CDR 1473 ± 197 951 ± 152 344 ± 64 334 ± 44
REST-BSF-79% CDR-10.5%

OP/AP
Rests of BSF larvae grown on: 79% CDR,
10.5% OP, 10.5% AP <LOD <LOD <LOD <LOD

REST-LM-100% WM Rests of LM larvae grown on: 100% WM,
0% CG <LOD <LOD <LOD <LOD

REST-LM-75% WM-25% CG LM larvae grown on: 75% WM, 25% CG <LOD <LOD <LOD <LOD
REST-LM-100% CG Rests of LM larvae grown on: 100% CG 827 ± 61 728 ± 7 <LOD <LOD

REST-LM-100% CDR * Rests of LM larvae grown on: 100% CDR * 587 ± 73 224 ± 8 <LOD <LOD

REST-LM-90% WM-10% RB Rests of LM larvae grown on: 90% WM,
10% RB <LOD <LOD <LOD <LOD

REST-LM-85% WM-15% RW Rests of LM larvae grown on: 85% WM,
15% RW <LOD <LOD <LOD <LOD

* A small amount of chopped carrots was arbitrarily added in order to get the desired water content for optimal
insect growth.

In order to better investigate the amount of mycotoxins and its distribution in the larvae and in the
residual fraction, the mass balance was calculated for larvae which had been resulted positive to the
presence of mycotoxins, or grown on contaminated substrates, as in the case of BSF. This calculation
was performed on the basis of the concentration of contaminants found in feed, in larvae and in the
respective residual fractions. The samples for which the amount of mycotoxins resulted below the
LOD were considered as equal to LOD values. Results are represented in Figure 1.
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Figure 1. Mass balance of deoxynivalenol (DON), fumonisins 1 and 2 (FB1 and FB2) in Lesser
Mealworm (Alphitobius diaperinus, LM) (A) and Black Soldier Fly (Hermetia illucens, BSF) (B) treatments.
Abbreviations: corn distillation residues, CDR; olive pomace, OP; apple pomace, AP; wheat middlings,
WM; corn gluten feed, CG; rice bran, RB; rapeseed wastes, RW.

As far as DON concerned, the mass balance ranged from 2 to 81% in BSF, while it was found to be
between 1% and 43% in LM. The average mass balance of fumonisins in BSF ranged between 4% and
72%, and it was ranged from 1% to 57% in LM for FB2 and FB1 respectively. Almost the total amount
of ZEN resulted excreted in BSF (data not shown in figure).

3. Discussion

This study is focused on the uptake of mycotoxins in BSF and LM larvae, grown on naturally
contaminated substrates, obtained from residues of cereal and vegetable processing.

In particular, BSF were reared on two different substrates based on corn distillation residues,
which had been found to be contaminated by DON, FB1 and FB2. In agreement with other studies
from the literature [21], no uptake of mycotoxins in BSF larvae was observed for both trials, while
DON, FB1 and FB2 were found only in the residual fractions collected from the BSF reared on 100% of
pure substrate. In this case, the concentration of DON, FB1 and FB2 found in the rests were higher as
compared to the concentrations detected in feed. Interestingly, ZEN, lower than LOD in the initial feed,
was detected in the residual fraction at 334 ± 44 μg/kg. Since the insects were exclusively grown on the
selected substrate, the occurrence of ZEN after harvesting suggested its possible cleavage from the
matrix, due to a hydrolytic activity carried out by the insect. An overall increase of ZEN in BSF larvae
growing substrates was already observed by Camenzuli et al. [20], although the authors measured the
parent compound together with its major phase I metabolites, α- and β-ZEL.

It is well-known that Fusarium mycotoxins can be biotransformed by plants into phase I and
phase II metabolites, being the glycosylation the most common pathway [16]. Conjugates mycotoxins
can be however cleaved by microbial enzymes, as reported by several authors [16,23,24]. Although a
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hydrolytic activity in insects towards modified mycotoxins has never been described so far, it cannot
be ruled out and can be a possible explanation for the observed data.

In addition, it is known that Fusarium mycotoxins are often associated to the matrix, and this
binding strongly affect the extractability [25,26]. Therefore, taking into consideration the increase of
mycotoxins from starting materials to post-growing residues, it can be argued that BSF larvae may
induce the substrate degradation upon growing, thus increasing the overall extractability of mycotoxins.

In contrast with BSF larvae, DON was found in LM larvae grown on contaminated substrates,
mainly in those containing wheat middlings in combination with corn gluten. When 100% corn gluten
was used as growing substrate, DON, FB1 but not ZEN were transferred to LM larvae.

The lack of ZEN uptake in Lesser Mealworm is in agreement with the literature [19], while the
possible transferal of DON and FB1 in LM larvae grown on naturally incurred substrates, was observed
in this study for the first time.

In case of LM residual fractions, the overall mass balance never exceeded 60%, clearly indicating
that mycotoxins are partially metabolised by the larvae to unknown compounds, in agreement with
the literature [19,20]. It should be noticed that the occurrence of DON in residual fractions was
lower than the one reported in previous studies performed on Yellow mealworm larvae under similar
conditions [18]. However, uptake, biotransformation and excretion of mycotoxins in insects could be
affected by a range of factors, among them the substrate, the species, and the dose, as well as the use of
naturally incurred or spiked growing material [20].

Different from other studies, in which larvae were grown on a substrate artificially contaminated
by mycotoxins, at higher concentrations than those found in the substrate samples considered in this
study [18–20], the present work clearly demonstrated that DON and FB1 can be found in LM (but not
in BSF) larvae. The amount of mycotoxins anyway never exceeds the starting levels, indicating that
there is no active uptake in insects, and there is rather a degradation or an excretion.

In addition, the mass balance calculation clearly indicated that biotransformation is rather the
operating mechanism instead of simple excretion. Further experiments will be needed in order to
investigate the mycotoxin biotransformation pattern in insects.

4. Conclusions

The present study reported on the possible uptake and/or excretion of mycotoxins in two insect
species, LM and BSF, reared on naturally contaminated substrates. As feed, organic side streams
recovered from cereal and vegetable processing were considered under a circular economy perspective.

Collected data clearly indicated that transfer from the waste to the insect of mycotoxins is possible,
but without uptake into insects, and rather with an overall decrease of their amount. LM larvae
were found able to transfer DON and FB in low amounts from naturally incurred growing substrates.
Data were consistent with the possible biotransformation of mycotoxins in unknown metabolites in
insects. ZEN was detected in BSF residual fractions but not in starting materials, suggesting a possible
hydrolytic activity carried out by larvae upon growing.

Taken all together, our results proved the urgency of better deciphering the ability of insects
to uptake, transform, and excrete mycotoxins, in view of a safer use of insects as an alternative
protein source.

5. Materials and Methods

5.1. Chemicals

Mycotoxin standard solutions of aflatoxins B1, B2, G1 and G2, fumonisin B1 and B2, A and B
trichothecenes (nivalenol, deoxynivalenol, 3-acetyl-deoxynivalenol, fusarenone X, diacetoxyscirpenol,
T-2 toxin, HT-2 toxin), zearalenone, ochratoxin A, and patulin were obtained from Romer Labs (Tulln,
Austria). All the solvents applied for both the extraction and analysis steps, methanol, acetonitrile
formic acid and acetic acid, were HPLC-grade and were purchased from Sigma-Aldrich (Milan, Italy),
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while Bi-distilled water was produced in-house by using a Milli-Q System (Millipore, Bedford, MA,
USA). Salts used for extraction as for the preparation of the eluents as sodium chloride and ammonium
acetate were obtained from Sigma-Aldrich (Milan, Italy).

5.2. Insect Treatments and Sampling

For the experiments described herein, two insect species were selected: Alphitobius diaperinus
(Lesser Mealworm, LM) and Hermetia illucens (Black Soldier Fly, BSF). The larvae were grown on
different substrates prepared using different feed materials, prevalently coming from the processing
of cereals (wheat, corn, rice and rapeseed) and vegetable (apple and olive), as indicated in Table 1.
The choice of these substrates was driven by the seasonality, the availability and the cost of different
by-products of agriculture sector. The substrates were analysed previously for mycotoxins presence,
then also larvae were extracted and analysed using the same protocol applied for feed samples.
Moreover, rests of insects grown on substrates resulted positive to the presence of mycotoxins were
also collected and analysed.

Insects were grown on naturally contaminated feed, and in particular 2 substrates were used for
BSF cultivation, while 13 different feeds were prepared for LM production (Table 2). The insects rearing
was conducted as indicated in a previous work by Leni et al. [27]. Briefly, BSF eggs were initially
placed in a specific incubator at 28 ◦C for 2 days, then the eggs were transferred in the rearing bins
and the new-born larvae treated for 2 days with a started feed composed of chicken feed, the feed
materials selected for the experiment and water, with a total dry matter of about 30%. During this time
the temperature was set at 28–32 ◦C and humidity at 60% minimum. After that, the growth substrate
was removed and substituted with that selected for the experiment, provided ad libitum. The larvae
were reared under these conditions for 15 days. After this period, larvae were removed and quantified,
and samples of remaining fractions were also collected as listed in Table 3. Similarly, LM larvae were
reared utilizing the selected feed materials chosen for the experiments, under the same controlled
conditions of temperature and humidity used for BSF growth, providing feed daily ad libitum. In this
case, larvae were harvested for 28 days and then collected. As for BSF, also samples of remaining
fractions were recovered and weighted.

Larvae of BSF and LM were killed at −18 ◦C and stored at the same temperature before each
analysis. At the same time, samples of growth substrates and remaining fraction were stored at −18 ◦C
until analyses.

5.3. Mycotoxins Extraction and Purification

Mycotoxins class is represented by several organic compounds with different chemical and
physical properties. For this reason, we decided to apply different extraction protocols, selected for a
specific class of toxins. In addition, all the samples of insect larvae and samples of remaining fractions
were subjected to a lyophilisation process (Freeze dryer Lio-5P, 5Pascal, Milano, Italy) for 48 h and
milled using a laboratory miller. The dried powders obtained from these steps were stored at −20 ◦C
until extraction and analysis.

For the extraction of aflatoxins, 1g of sample added with 0.2 g of NaCl was extracted using 4 mL of
a mixture of methanol/bi-distilled water, 80/20 v/v on a shaker at room temperature, at 200 strokes/min
for 90 min. After that, the extract was centrifuged at 10,621× g, at 25 ◦C for 10 min. 1 mL of the
supernatant was transferred in a tube, diluted with 4 mL of bi-distilled water and submitted to a
purification step using immuno-affinity columns (VICAM, Afla Test®, mycotoxin testing system;
VICAM, Milford, MA, USA). The cartridges were conditioned with 10 mL of bi-distilled water and
subsequently with 10 mL of pure methanol. The diluted extract was then eluted through the column
and, after the elution, a washing step with 10 mL of bi-distilled water was performed. The analytes were
recovered with 1 mL of pure methanol. The purified sample was dried under a gently nitrogen flow,
suspended in 1 mL of bi-distilled water/methanol, 80/20 v/v, and analysed by HPLC-FLD technique.
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The contemporary extraction of fumonisins, ochratoxin A, zearalenone, patulin and A and B
trichothecenes was performed on the basis of different protocols with slight modifications [28,29].
Briefly, 1 g of sample was extracted adding 4 mL of a solution composed of bi-distilled
water/acetonitrile/methanol 50/25/25 v/v. The sample was positioned on a shaker at room temperature,
at 200 strokes/min for 90 min. After that, the extracts were centrifuged at 10,621× g, for 10 min at
25 ◦C. 1 mL of the supernatant was collected and dried under a gently nitrogen flow. The residue was
then dissolved in 1 mL of bi-distilled water/methanol 80/20 v/v. The samples were then subjected to
UHPLC-MS/MS analyses.

5.4. Mycotoxins Analysis

Aflatoxins B1, B2, G1 and G2 were analysed on a HPLC Waters Alliance 2695 separation module,
coupled with a FLD detector (Waters, Multi λ Fluorescence detector 2475) and an UV detector (Waters,
Dual λ Absorbance Detector 2489) (Waters, Milford, MA, USA). The analytes separation was achieved
on a C18-RP XTerra (Waters, Milford, MA, USA; 250 × 2.1 mm, i.d. 5 mm) column using as eluents
bi-distilled water (A) and methanol (B), in isocratic conditions (65% A and 35% B). The flow was set at
0.25 mL/min and the column oven temperature was kept at 30 ◦C. A volume of 10 μL was injected. For
the detection of aflatoxins, the UV detector was set at λ = 365 nm, while for the FLD λ = 365 nm and
λ = 425 nm were chosen as the typical wavelength of absorbance and of emission, respectively.

For the quantitative determination of aflatoxins, a calibration curve was prepared starting from
the commercial standard which contained AFB1 and AFG1 at the concentration of 2 mg/kg and AFB2
and AFG2 at the concentration of 0.5 mg/kg. Starting from this solution, 5 different dilutions in pure
methanol were performed obtaining AFB1 and AFG1 at 0.5, 0.75, 1, 1.5 and 2 μg/kg, while for AFB2
and AFG2 concentrations of 0.125, 0.187, 0.25, 0.375 and 0.5 μg/kg, obtaining a good linearity (R2 > 0.99)
for the both calibration ranges.

Fumonisins B1 and B2, ochratoxin A, zearalenone, patulin and A and B trichothecenes (nivalenol,
deoxynivalenol, 3-acetyl-deoxinivalenol, fusarenone X, T2 toxin, HT2 toxin and deacetoxyscirpenol)
were determined on an UHPLC–MS/MS apparatus consisted of an UHPLC Ultimate 3000 separation
module (Dionex, Sunnyvale, CA, USA), coupled with a TSQ Vantage triple quadrupole (Thermo Fisher,
Waltham, MA, USA) equipped with an ESI interface. The separation of the analytes was achieved on a
RP-C18 EVO Kinetex column (2.6 μ, 100A; 100 × 2.10 mm) from Phenomenex (Torrance, CA, USA).
Ammonium acetate 5 mM in bi-distilled water and methanol were used as eluent A and B respectively,
both acidified with the 0.2% of acetic acid. A gradient was applied as follows: the elution started
with 2% of B and these conditions were maintained for 1 min, then at 2 min the percentage of B was
increased at 20% and kept for 6 min, at 17 min the column was flashed with the 90% of B for 3 min,
then in 1 min the initial conditions were re-established and the column was re-equilibrated for 9 min,
with a total run time of 30 min. During the analyses the column temperature was maintained at 40 ◦C
while samples were maintained at 20 ◦C. The flow was 0.35 mL/min and for each sample 4 μL were
injected into the system.

PAT, NIV, DON, 3ADON, FUSX, and ZEN were monitored in negative ion mode with a spray
voltage of 3500 V, a capillary temperature of 270 ◦C, a vaporizer temperature of 200 ◦C, a sheath gas
flow of 50 units and an auxiliary gas flow of 5 units. T2, HT2 toxins, DAS, FB1, FB2, and OTA were
monitored applying a positive ionization mode, with the following parameters: spray voltage of 3000 V,
a capillary temperature of 270 ◦C, a vaporizer temperature of 200 ◦C, a sheath gas flow of 50 units and
an auxiliary gas flow of 5 units. All the other parameters as S-Lens RF amplitude values were obtained
and set by tuning methanolic solutions of each considered molecule (1 mg/kg).

Detection of all the considered analytes was performed in SRM modality (Single Reaction
Monitoring) monitoring the characteristic transitions for each considered mycotoxin (Table 4).
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Table 4. Characteristic transitions monitored for the target mycotoxins: fumonisins B1 and B2 (FB1,
FB2), ochratoxin A (OTA), zearalenone (ZEN), patulin (PAT) and A and B trichothecenes (nivalenol
(NIV), deoxynivalenol (DON), 3-acetyl-deoxinivalenol (3ADON), fusarnone X (FUSX), T2 toxin, HT2
toxin and deacetoxyscirpenol (DAS)).

Compound
Ionization

Mode
Precursor Ion (m/z)

Product Ions
(m/z)

Collision
Energy (V)

LOD (μg/kg)

PAT Negative 152.9 [M − H]− 109/81 −12/−12 100
NIV Negative 371.1 [M + CH3COO]− 311.1/281.1/59.1 −10/−32/−48 10

DON Negative 355.1 [M + CH3COO]− 295.1/265.1 −13/−16 10
3ADON Negative 397.1 [M + CH3COO]− 307.1/59 −18/−20 20

FUSX Negative 413.3 [M + CH3COO]− 353.6/262.9/59.1 −14/−22/−10 20
OTA Positive 404.5 [M + H]+ 238.7/220.7/101.7 21/31/68 20
FB1 Positive 722.3 [M + H]+ 704.7/352.1/334.1 26/35/38 25
FB2 Positive 706.5 [M + H]+ 688.4/336.3 51/51 25
DAS Positive 384.2 [M + NH4]+ 307.2/105.1 17/61 10
T2 Positive 484.3 [M + NH4]+ 215.0/185.0 19/22 10

HT2 Positive 442.0 [M + NH4]+ 263.1 11 10
ZEN Negative 317.0 [M − H]− 175.0/131.0 −26/−32 10

In order to quantify these mycotoxins, a calibration curve containing all the considered analytes
was prepared starting from the commercial standard. For this purpose, 6 different dilutions were
prepared considering the following concentrations: 50, 100, 200, 500, 750 and 1000 μg/kg, obtaining a
good linearity (R2 > 0.99) for the calibration range.

5.5. Mass Balance Calculation

The mass balance was calculated as described by Camenzuli et al. [20] on the basis of the amount
of substrates used for insects’ growth, the amount of harvested larvae and of the residual fractions
(frass). Furthermore, the accumulated, extracted and potential metabolized mycotoxins were calculated
as follow:

% accumulated mycotoxin =
amount of harvested insects x concentration mycotoxin detected in insects

amount of substrates x concentration mycotoxin detected in substrates × 100,

% excreted mycotoxin =
amount of frass x concentration mycotoxin detected in frass

amount of substrates x concentration mycotoxin detected in substrates × 100,

% metabolyzed mycotoxin = 100− % excreted mycotoxin− % accumulated mycotoxin.

Metabolized mycotoxins were referred to the undetected compounds which could be metabolized
in different structures not yet identified. All the measurements of mycotoxin below the LOD were
considered as equal to LOD values.
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Abstract: A comprehensive strategy combining a quantitative method for 28 mycotoxins and a
post-target screening for other 245 fungal and bacterial metabolites in dry pet food samples were
developed using an acetonitrile-based extraction and an ultrahigh-performance liquid chromatography
coupled to high-resolution mass spectrometry (UHPLC-Q-Orbitrap HRMS) method. The proposed
method showed satisfactory validation results according to Commission Decision 2002/657/EC.
Average recoveries from 72 to 108% were obtained for all studied mycotoxins, and the intra-/inter-day
precision were below 9 and 14%, respectively. Results showed mycotoxin contamination in 99% of pet
food samples (n = 89) at concentrations of up to hundreds μg/kg, with emerging Fusarium mycotoxins
being the most commonly detected mycotoxins. All positive samples showed co-occurrence of
mycotoxins with the simultaneous presence of up to 16 analytes per sample. In the retrospective
screening, up to 54 fungal metabolites were tentatively identified being cyclopiazonic acid, paspalitrem
A, fusaric acid, and macrosporin, the most commonly detected analytes.

Keywords: mycotoxins; monitoring; pet food; HRMS-orbitrap; co-occurrence; retrospective screening

Key Contribution: The manuscript contributes to the understanding of a wide range of mycotoxins
including emerging Fusarium toxins in pet food samples from Italy by using the capability provided
by the UHPLC-Q-Orbitrap HRMS technology.

1. Introduction

Mycotoxins are a group of toxic secondary metabolites produced by fungi mainly belonging
to Aspergillus, Penicillium, Fusarium, and Alternaria genera [1]. Due to the great structural diversity
of these toxic compounds, they display a wide range of deleterious effects, including carcinogenic,
hepatotoxic, nephrotoxic, teratogenic, heamatotoxic, immunotoxic, and hormonal or reproductive
effects [2,3]. Mycotoxins pose a challenge to food safety as they are unavoidable and unpredictable
contaminants in crops. In fact, the Food and Agriculture Organization (FAO) estimated that over
one-quarter of the world’s food crop are contaminated with mycotoxins [4]. The mycotoxins with
greatest agro-economic and health impact are aflatoxins (AFs), ochratoxin A (OTA), zearalenone (ZEN),
fumonisins (FBs), and trichothecenes [5]. In the last decade, attention to the risk posed to human
and animal health has also been extended to the so-called emerging Fusarium mycotoxins (including
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enniatins (ENNs) and beauvericin (BEA)) as well as the Alternaria toxins [6]. The factors affecting molds
growth and/or mycotoxin production, and thus contamination of raw materials and feed, are associated
with yield conditions (i.e., temperature, humidity, insect damage). Moreover, in post harvesting, other
factors, such as moisture and storage conditions, could contribute to increasing risk of mycotoxin
production [7].

Food crops susceptible to mycotoxin contamination include corn, wheat, barley, rye, rice, nuts,
dried fruit, vegetables, and their derivatives [8]. It is remarkable that cereals and cereal by-products
that are often unfit for human consumption are frequently used in feed formulations and act as excellent
substrates for the fungal proliferation and production of mycotoxins. Recent surveys indicate that
70% of raw materials are contaminated with these toxins [9,10]. On the other hand, cereal processing,
including dry milling, affects mycotoxin occurrence, especially for the fractions commonly designed
for animal feeding [11,12]. Consequently, animal exposure to mycotoxins via plant-derived foods is of
important consideration [13–16].

To limit the exposure to mycotoxins, the European Commission (EC) has set maximum limits of
undesirable substances in both foodstuffs (EC/1881/2006 and amendments) and feedstuffs (2003/100/EC).
As far as mycotoxins in feedstuffs are concerned, the Commission Directive 2003/100/EC has only
established maximum admissible content of AFB1 in complete feedstuffs at 20 μg/kg. As regards the
other mycotoxins, the European Union established in the Commission Decision 2006/576/EC guidance
values regarding presence of deoxynivalenol (DON), ZEN, FBs, and OTA in products used as animal
feeding (Table 1).

In the last decades, improvement of analytical methods for the detection of mycotoxins at low ng/g
range in a wide variety of foodstuffs has been performed [17]. Mass spectrometry-based techniques,
such as MS and MS/MS, in combination with gas chromatography (GC) or liquid chromatography
(LC) allowed the development of multi-mycotoxins methodologies [18]. Over recent years, there
have been improvements in the LC-technique with the development of ultra-high-performance liquid
chromatography (UHPLC), leading to higher peak efficiency and shorter chromatography run time [19].
In addition, the use of high-resolution mass spectrometry (HRMS), such as Orbitrap mass analyzers,
is growing up in the ambit of food toxicology. HRMS analyzers have good specificity and high
resolution due to mass accuracy provided by the resolution of Q-Orbitrap detectors combined with
structural information obtained in MS/MS mode [20]. This technique enable the identification of
untarget compounds and retrospective data analysis without the need to re-run samples.

Even though investigations on mycotoxin distribution in feedstuffs are regularly conducted
by competent authorities, the information on mycotoxin distribution of feedstuffs is limited [21].
Among the available studies focused on mycotoxins occurrence in feedstuffs, most of them have
been performed in feed aimed to livestock production, whereas scarce literature have reported the
occurrence of these toxic compounds in pet foods [22–25]. Therefore, the development and validation
of analytical strategies to evaluate the occurrence of traditional and emerging mycotoxins in pet food
to guarantee their quality, as well as to comply with trade requirements, are needed. Hence, the aim
of this work was to develop an analytical tool based on a UHPLC-Q-Orbitrap HRMS method that
combines quantitative target analysis for detection, quantification, and reliable identification of 28
mycotoxins from different fungi genera in pet food, with post-target screening (identification) of
other 245 fungal and bacterial metabolites based on a comprehensive spectral library. In addition,
the proposed methodology was applied to 89 dry commercially available pet food samples acquired
from pet shops located in Campania region, Southern Italy.
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2. Results and Discussion

2.1. Optimization of the Ultrahigh-Performance Liquid Chromatography Coupled to High-Resolution
Mass-Spectrometry (UHPLC-Q-Orbitrap HRMS) Analysis

The optimization of the Q-Orbitrap HRMS parameters was performed via direct infusion of each
mycotoxin standard (n= 28) diluted at 1 μg/mL into the Q-Orbitrap system using a flow rate of 8 μL/min.
According to the literature, the addition of formic acid-ammonium formate shows better ionization
efficiency of the studied analytes than acetic acid-ammonium acetate, and thus these additives were
added to the mobile phases [26]. The most intense and signal stable adducts were selected for each
analyte. Precursor ions were subjected to different values of collision energies (between 10 and 60 eV)
to perform their fragmentation. Table 2 shows the UHPLC-HRMS parameters for the determination of
mycotoxins included in this study.

On the other hand, three gradient programs were tested to achieve a good separation of the
28 mycotoxins:

(i) Gradient 1: started with 20% B, kept up to 1 min, and then increased to 95% B in 1 min,
followed by a hold-time of 0.5 min at 95% B. Afterward, the gradient switched back to 75% in 2.5 min,
and decreased again reaching 60% B in 1 min. The gradient returned in 0.5 min at 20%, and 1.5 min
column re-equilibration at 20%;

(ii) Gradient 2: started with 10% B, kept up to 1 min, and then increased to 95% B in 1 min,
followed by a hold-time of 0.5 min at 95% B. Afterward, the gradient switched back to 75% in 2.5 min,
and decreased again reaching 60% B in 1 min. The gradient returned in 0.5 min at 10%, and 1.5 min
column re-equilibration at 10%;

(iii) Gradient 3: started with 0% B, kept up to 1 min, and then increased to 95% B in 1 min,
followed by a hold-time of 0.5 min at 95% B. Afterward, the gradient switched back to 75% in 2.5 min,
and decreased again reaching 60% B in 1 min. The gradient returned in 0.5 min at 0%, and 1.5 min
column re-equilibration at 0%.

The results showed that several peaks eluted within the column dead time when starting the
gradient program with high organic phase (20%, gradient 1) and the peak response was irregular. The
second tested gradient (initial phase B set at 10%) decreased the number of analytes non-retained in
the chromatographic column but still DON and its acetylated forms eluted within the first 1.0 min.
The chromatographic separation of analytes was performed with a Luna Omega Polar C18 column.
Optimal results in terms of retention time and good peak shape were achieved when the initial phase
B was at 0%, obtaining good separation of the 28 mycotoxins in a total run time of 8 min (Table 2).

2.2. Optimization of Sample Preparation Procedure

Sample preparation has been recognized as a critical step in the chemical analysis workflow [27].
Few multi-mycotoxin methods have been reported in literature regarding pet food samples and most
of them were performed with immunoaffinity column assays, increasing the cost of the method
significantly [23,25,28]. Recently, a relatively cheap acetonitrile-based extraction was proposed in
literature to determine seven Fusarium toxins in laboratory rat feed [11]. In this work, the sample
preparation protocol reported by those authors was adopted as a starting point and slightly modified
to extend it for the simultaneous determination of up to 28 target mycotoxins from different genera,
including Aspergillus, Penicillium, Fusarium, and Alternaria. Critical extraction parameters were
evaluated namely stirring time, sonication treatment, clean-up, and sample amount (Supplementary
Table S1). All experiments were performed in triplicate using spiked samples at 20 μg/kg.
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2.2.1. Stirring Time

Three stirring times (15, 30, and 60 min) were tested to evaluate the effect of agitation in the
extraction of mycotoxins. Results showed that 15 min of stirring time was not enough to reach
acceptable recoveries (recovery range obtained for all mycotoxins: ≤40%) and RSD values (<23%).
By increasing the stirring time up to 30 min, the recoveries for the wide majority of compounds
increased (from 65 to 78%) except for AFs, for which recovery values lower than 55% were obtained.
On the other hand, optimal results (recovery range: 72–105%, RSD < 16%) were achieved with 60 min of
stirring for all studied compounds fulfilling the requirements set at Commission Decision EC 2002/657.

2.2.2. Sonication Treatment

A sonication time of 15 min (with manual shaking every 5 min) was assayed and compared with
samples in which the sonication step was not conducted. Results showed that when the sonication
step was not performed, the accuracy and precision of the studied mycotoxins (recoveries ranging
from 58 to 89%, RSD < 21%) were not as good as those obtained with sonicated samples (recoveries
ranging from 72 to 114%, RSD < 14%); and therefore sonication treatment was included in the sample
preparation procedure.

2.2.3. Clean-Up Step

In the original method, a freeze-out step was carried out (minimum 2 h) to promote the precipitation
of compounds that may interfere in the analysis based on the complexity of the samples [11].
Nonetheless, it significantly increases the time of the analysis. To overcome that, a clean-up step to
reduce both matrix interferences and contamination of the instrument was evaluated. The efficiency
of this strategy was evaluated by comparing the accuracy and precision data of the results obtained
with samples stored in a freezer (2 h) and those submitted with a clean-up. According to literature,
the mixture of 300 mg MgSO4 and 100 mg C18 (ratio 3:1, w/w) was selected as appropriate dispersive
clean-up [16]. The results showed an improvement in accuracy and precision data due to the efficacy
of the clean-up in removing interferences. Furthermore, the matrix effect was significantly minimized
(range from 71 to 86%) with the addition of the clean-up, leading to an improved selectivity and
robustness. In the samples in which the freezing out was conducted, impurities appeared. The usage of
the clean-up step instead of freezing out made the extraction procedure faster and the extract obtained
was much cleaner, as evidenced by the chromatographic response.

2.2.4. Sample Amount

Despite the significant reduction of interferences observed by the addition of a clean-up step,
moderate signal suppression was obtained for most of the analyzed compounds, as specified in
Section 2.2.3. To overcome that, the effect of reducing the sample amount was evaluated. Results
showed that no matrix effect or slight signal suppression (≥85%) was obtained for all studied compounds
when using 2 g of sample instead of 5 g, and therefore it allowed the quantification of the studied
mycotoxins in pet food samples based on external calibration curves.

2.3. Method Validation

Calibration curves were prepared in triplicate at 8 concentration levels. Correlation coefficients
(r2) greater than 0.9990 were obtained for all studied analytes within the linear range from limits
of quantification (LOQs) to 1000 μg/kg. No matrix effect or slight signal suppression was observed
for all mycotoxins ranging from 75 to 98%. Limits of detection (LODs) obtained were between 0.06
and 0.62 μg/kg; LOQs were calculated from 0.013 and 1.25 μg/kg, being lower than those reported in
recent literature (Table 3). Average recoveries were in the range 75–112% for all studied mycotoxins at
the fortification levels assayed (10, 20, and 100 μg/kg). Those results highlighted that the proposed
methodology is accurate enough for the quantitative determination of the target mycotoxins. Intra-day
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and inter-day relative standard deviations (RSDs) showed reliable repeatability (RSD < 12%) and
within-laboratory repeatability (RSD < 17%) of the developed method (Supplementary Table S2). The
carry-over was evaluated by injecting a blank sample after the highest calibration point. No carry-over
was present since no peaks were detected in retention time zone of all studied mycotoxins. In the
Quality Assurance/Quality Control (QA/QC) procedure, the spiked sample was used in each sample
batch in order to assess the accuracy and precision of the proposed method. To guarantee the quality of
the results, every one of QA/QC criteria had to be achieved. To provide method reliability, satisfactory
recoveries (between 70% and 120%, RSD < 20%) for all samples were required. When the results did
not fit the expected criteria, the extractions were repeated in order to achieve this range. After the
optimization and validation procedure and during the sample analysis, none of the QA/QC samples
were outside of the expected criteria in any batch of samples.

Table 3. Recent surveys reporting the occurrence of mycotoxins in pet foods samples.

Analyzed
Samples (n)

Analytes
Investigated

Mycotoxins
Positive
Samples

(%)

a Range or
Average
(μg/kg)

Detection
Methods

LOQ (μg/kg) Reference

89 28

AFB1 25.8 3.3–7.9

UHPLC-Q-
Orbitrap

0.013

This work

AFB2 5.6 1.8–16.6 0.013

AFG1 1.1 11.1

AFG2 5.6 1.7–31.6 0.125

OTA 2.2 1.4–1.5 1.25

ZEN 91.0 0.9–60.6 0.013

Σ α +
β-ZEL 87.6 0.9–58.9 α-ZEL = 1.25;

β-ZEL = 0.125

Σ α + β

-ZAL 79.8 <LOQ α-ZAL = 1.25;
β-ZAL = 0.125

ZAN n.f. n.f. 0.125

DON 30.3 7.6–297.3 1.25

Σ 3 + 15
AcDON 5.6 10.9–63.2 3-AcDON = 1.25;

15-AcDON = 1.25

NEO n.f. n.f. 0.188

HT2 32.6 3.3–110.1 1.25

T2 47.2 0.7–9.0 0.125

BEA 86.5 0.8–176.1 0.013

ENNA 10.1 0.3–9.6 0.125

ENNA1 22.5 0.4–28.1 0.125

ENNB 93.3 0.4–212.4 0.125

ENNB1 58.4 0.3–71.8 0.013

AOH 82.0 0.2–12.8 0.125

AME 84.3 0.1–15.6 0.125

FB1 66.3 11.8–990.1 0.125

FB2 52.8 10.5–556.3 0.250

DAS n.f. n.f.

FUS-X n.f. n.f.

48 5

ENNA n.a. n.a.

LC-MS/MS

5

Tolosa et al., 2019 [16]

ENNA1 41.5 8.1–11.9 1

ENNB 89 2.0–89.5 1

ENNB1 64 7.4–28.8 1

BEA 62 4.6–129.6 5
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Table 3. Cont.

Analyzed
Samples (n)

Analytes
Investigated

Mycotoxins
Positive
Samples

(%)

a Range or
Average
(μg/kg)

Detection
Methods

LOQ (μg/kg) Reference

32 8

AFB1 47.7 30.3–242.7

LC-MS/MS

1.7

Shao et al., 2018 [29]

AFG1 13.9 13.9 0.7

OTA 16.2 15.1–17.3 10.7

ZEN 54.5 14.5–389.2 2.5

DON 66.3 22.8–421.3 16.5

T-2 15.4 15.4 3.3

BEA 19.1 0.2–153.4 2.5

FB1 87.2 6.6–191.9 10.0

12 6

AFB1 n.a. 83.3

HPLC-FLD

41.57

Singh et al., 2017a [24]

AFB2 n.a. 9.0 11.77

OTA n.a. 1.0 -

ZEN n.a. 5.7 -

FB1 n.a. 106.3 202.53

FB2 n.a. 61.9 118.37

49 3

AFs 100 0.16–5.39

HPLC-FLD

AFB1 = 0.13;
AFB2 = 0.59;
AFG1 = 0.03;
AFG2 = 0.22 Teixeira et al., 2017 [25]

ZEN 95.9 4.07–98.3 3.95

FBs 77.6 37.4–1015 FB1 = 27.5; FB2 =
35.3

100 4

AFLs 68 0.34–3.88

HPLC-FLD

B1=0.13; G1 =
0.03; B2 = 0.59; G2

= 0.22
Bissoqui et al., 2016 [23]ZEN 95 5.45–442.2 3.95

FB1 68 20.0–220 27.5

FB2 35 40.0–160 35.3

20 3

AFs n.a. n.a.

ELISA-UV

5

Yasmina et al., 2016 [21]
AFB1 15 2.6–18.4 1

OTA 70 2.62–6.65 2.5

ZEN 20 148–1170 1.75

49

2
AFB1 8.2 <0.05–0.21

HPLC-FLD
0.15

Błajet-Kosicka et al.,
2014 [22]

OTA 46.9 <0.13–3 0.40

5

DON 100 22.7–436

LC-MS/MS

20.0

T-2 87.7 <0.5–13.3 1.50

HT-2 83.7 <1.60–19.6 5.00

ZEN 100 1.81–123 0.30

7 FBs 28.6 <5–108 FB1 = 1.60; FB2 =
1.60; FB3 = 1.60

76 4

DON 97 >250

ELISA-UV

-

Böhm et al., 2010 [30]

OTA 5 3.5 -

ZEN 47 80 -

FBs 42 178 -

29
3

DON 83 409
HPLC-FLD

25

22 ZEN 68 185 20

3 FBs 67 69 15

180 1 AFB1 70.5 0.3–9.43 HPLC-FLD 0.1 Campos et al., 2008 [31]

Abbreviations: Aflatoxins (AFB1, AFB2, AFG1 and AFG2), ochratoxin A (OTA), fumonisins (FB1 and FB2),
deoxynivalenol (DON), 3-acetyl-deoxynivalenol (3-AcDON), 15-acetyl-deoxynivalenol (15-AcDON), HT-2 toxin,
T-2 toxin, neosolaniol (NEO), diacetoxyscirpenol (DAS) fusarenon-X (FUS-X), zearalenone (ZEN), α-zearalenol
(α-ZEL), β-zearalenol (β-ZEL), α-zearalanol (α-ZAL), β-zearalanol (β-ZAL), zearalanone (ZAN), beauvericin (BEA),
enniatins (ENNA, ENNA1, ENNB and ENNB1), alternariol (AOH) and alternariol monomethyl ether (AME).
a Range or arithmetic mean of all positive samples. n.f. (not found) is shown if there was no readable value below
LOD. n.a. not available.
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2.4. Occurrence of Mycotoxins in Pet Food Samples

The optimized and validated multi-mycotoxin method was applied to 89 dry pet food samples
(55 for dogs and 34 for cats) acquired from different pet shops located in Campania region, Southern
Italy. Table 3 shows the results here obtained, as well as reviewing the available studies published in
the last decade regarding the occurrence of mycotoxins in pet food samples.

In these analyzed samples, 99% of pet foods showed mycotoxin contamination. Despite the
significantly high incidence, the concentration levels found were below the maximum level and/or
maximum permissible levels set for mycotoxins in feedstuffs (2003/100/EC; 2006/576/EC). Nonetheless,
special attention must be considered for the aflatoxins group. 25.8% of analyzed samples showed AFB1
contamination in a concentration range from 3.3 to 7.9 μg/kg (average content: 4.3 μg/kg). Similar
AFB1 findings were reported in petfoods from Poland (n = 49) in a concentration range from <LOQ
to 0.2 μg/kg [22], and from Brazil (n = 180) with AFB1 contamination levels ranging from 0.3 to
9.4 μg/kg [31]. In another survey, 4 out of 70 Brazilian pet food samples showed AFB1 contamination in
a range from 15 to 37 μg/kg. This high contamination level reported by these authors was related to the
presence of contaminated peanuts present in all positive samples. Despite some samples exceeded the
maximum limit set by the EU for complete feedstuffs (20 μg/kg), those levels were below the permitted
limits adopted in Brazil (50 μg/kg).

On the other hand, OTA was quantified in 2.2% of the here analyzed pet food samples at average
content of 1.5 μg/kg. These levels are in agreement with previous studies as reviewed in Table 3.
However, a wide range of OTA incidence reported by the different surveys was observed. Concerning
the occurrence of fumonisins in pet food samples, the available studies reported both high incidence
(>50%) and concentrations up to hundreds/thousands μg/kg (Table 3). Recently, Teixeira et al. [25]
reported FBs contamination in 70% (n = 87) of Brazilian pet food samples at a concentration range from
30 to 1015 μg/kg. These findings are also in line with the data here obtained in which 67% of analyzed
samples showed FBs contamination ranging from 10.5 to 990.1 μg/kg, being FB1 the most commonly
detected fumonisin. The particularly high levels and incidence of FBs in feed could be related to the
quality of corn (grain) and corn-based ingredients used in the formulations of these feedstuffs.

As far as trichothecenes are concerned, DON (and its acetylated forms) were the most commonly
reported type B trichothecene in pet food samples reported in literature at concentration levels
of hundreds μg/kg (Table 3). Similar results were here found; in fact, 30% of samples were
DON-contaminated at concentration range from 7.6 to 297.3 μg/kg. On the other hand, type A
trichothecenes mainly represented by HT-2 and T-2 toxins, has been barely investigated in pet food
samples despite the fact that these toxins have been proven to have a higher toxicity than DON. In these
analyzed samples, HT-2 (32.6% positive samples) and T-2 (47.2% positive samples) were detected at
levels from 3.3 to 110.1 μg/kg, and from 0.7 to 9.0 μg/kg, respectively. Higher HT-2 and T-2 incidences
(of up to 87.7%) than those here obtained were reported by Błajet-Kosicka et al. [22], in the 49 Polish pet
food samples, but the concentration levels in that study were below 20 μg/kg in all positive samples.
In line with that, ZEN (and its derivative forms) were found in 91% of the here analyzed samples at
levels ranging from < LOQ to 60.6 μg/kg. These results are in agreement with recent surveys carried
out in Brazilian [23,25], Egyptian [21], Polish [22], and Austrian [30] pet food samples (Table 3).

Emerging Fusarium mycotoxins (ENs and BEA) and Alternaria mycotoxins (AOH and AME), have
been barely investigated in feed samples. The results showed a high incidence (>80%) of enniatins
with concentration up to hundreds μg/kg (Table 3). Among enniatins, ENNB was the most commonly
detected mycotoxin in the assayed samples (83 out of 89). The results obtained in this work are
according to contents reported in different feedstuffs samples. Tolosa et al. [32] reported a high
incidence of ENs (100% positive samples) and BEA (95% positive samples) in 20 Spanish fish feed at
levels ranging from 0.1 to 10.0 μg/kg and from 0.1 to 6.6 μg/kg respectively. These results are also
according to those reported by Warth et al. [33] in which ENs and BEA were present in 70% and 100%
(n = 10) of animal feed samples from Burkina Faso and Mozambique, with concentration levels ranging
from 0.1 to 114.0 μg/kg and from 3.3 to 418 μg/kg, respectively. On the other hand, Warth et al. [33]
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reported also AOH and AME contamination in 75% and 25% in a low number of samples analyzed
(n = 4) at average content of 15.1 and 11.1 μg/kg, respectively. Similar high incidence was reported by
Streit et al. [34], in which AOH and AME were found in 80% and 82% of feed and feed raw materials
(n = 83) from Europe at concentration levels of hundreds μg/kg.

2.5. Co-occurrence of Mycotoxins in Analyzed Samples

All contaminated pet food samples here analyzed showed co-occurrence from three to sixteen
mycotoxins in a sum concentration range from 1.6 to 1700.0 μg/kg (Figure 1). Three multicontaminated
samples showed sum concentrations above 1000 μg/kg, with several Fusarium, Aspergillus and Alternaria
toxins. A significant number of pet food samples (77.3%) were co-contaminated from 8 to 12 mycotoxins.
Similarly, Böhm et al. [30] reported the co-occurrence of mycotoxins in 33% Austrian pet food samples
(n = 76), and Fusarium toxins such as DON, ZEA, and FBs were the most predominant. The simultaneous
occurrence complicates the evaluation of toxicological potential of feed. Additive and synergistic
effects on overall toxicity are frequently observed when mycotoxin mixtures are evaluated [9,35,36].

 
Figure 1. Number of samples co-contaminated with a given number of mycotoxins (total samples
analyzed; n = 89).

2.6. Identification of Non Target Coumpounds Based on A Retrospective Screening Analysis

The developed strategy based on Q-Orbitrap HRMS combines the quantitative target determination
with the post-target screening approach. The possibilities of the Q-Orbitrap HRMS were further explored by
subjecting the full scan data of the pet food samples to untargeted screening with the major data processing
parameters set as follows: ionization patterns [M +H]+ and [M −H]−, a minimum peak area of 1 × 105

a.u., a maximum mass window of 5 ppm, and a retention time width of 1 min. The confirmation of the
structural characterization of unknown compounds and untargeted analytes was based on the accurate
mass measurement, elemental composition assignment, and MS/MS spectrum interpretation. Untargeted
data processing was carried out using structural formula finder tool and the online high-quality mass
spectral database. The advantage of using a full-scan acquisition mode is to allow the retrospective analysis
of samples for the identification of up to 245 fungal and bacterial metabolites included in spectral library
database by processing the raw data of the analyzed pet food samples. Fifty-four fungal metabolites were
tentatively identified in the here analyzed samples (Figure 2). Cyclopiazonic acid, paspalitrem A, fusaric
acid, and macrosporin were the most commonly detected mycotoxins in the assayed samples (98.9%).
Cyclopiazonic acid and paspalitrem A are produced by Aspergillus and Penicillium spp. Fusaric acid is
produced by some Fusarium spp. Macrosporin is mainly produced by Stemphylium spp. These metabolites
have been already found in contaminated cereal crops such as oats, barley, millet, corn, and rice [37–39].
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In these analyzed samples, emodin was also identified in 97.8% of feed samples. This compound was
already reported in Spanish feed and feed raw material but lower incidence (57.1%; n = 62) [40].

 
Figure 2. Non-target mycotoxins identified in samples based on ultrahigh-performance liquid
chromatography coupled to high-resolution mass-spectrometry (UHPLC-Q-Orbitrap HRMS) library.
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3. Conclusions

A UHPLC-Q-Orbitrap HRMS method for simultaneous determination of mycotoxins from different
fungal species in pet food samples was in-house optimized and validated according to the criteria set
by Commission Decision 2002/657/EC. In addition, mycotoxin spectral library of 245 analytes was used
for post-run retrospective screening. The developed method was successfully applied to eighty-nine
petfood samples and twenty-six different mycotoxins were found at high incidence (98.9%) but at
concentrations below the maximum permissible limits. Co-occurrence of mycotoxins was found in all
contaminated samples with up to sixteen analytes per sample. The established method was rapid and
efficient, and capable of covering more analytes compared to the previous methods for the detection
and quantitation of mycotoxins in pet food products. Moreover, this is the first work describing the
simultaneous detection, quantification, and retrospective screening of a wide range of mycotoxins
from different genera in pet food samples by using the capability provided by the UHPLC-Q-Orbitrap
HRMS technology.

4. Materials and Methods

4.1. Chemical and Reagents

Mycotoxin standards and metabolites namely aflatoxins (AFB1, AFB2, AFG1, and AFG2),
ochratoxin A (OTA), fumonisins (FB1 and FB2), deoxynivalenol (DON), 3-acetyl-deoxynivalenol
(3-AcDON), 15-acetyl-deoxynivalenol (15-AcDON), HT-2 toxin, T-2 toxin, neosolaniol (NEO),
diacetoxyscirpenol (DAS), fusarenon-X (FUS-X), zearalenone (ZEN),α-zearalenol (α-ZEL),β-zearalenol
(β-ZEL),α-zearalanol (α-ZAL),β-zearalanol (β-ZAL), zearalanone (ZAN), beauvericin (BEA), enniatins
(ENNA, ENNA1, ENNB, and ENNB1), alternariol (AOH), and alternariol monomethyl ether (AME)
were purchased from Sigma Aldrich (Milan, Italy). Individual stock solutions of all analytes were
prepared by diluting 1 mg of each mycotoxin in 1 mL of methanol and further diluted for preparing
working standard solutions. All these solutions were kept in safe conditions at −20 ◦C.

All solvents, acetonitrile (AcN), methanol (MeOH) and water (LC-MS grade) were purchased
from Merck (Darmstadt, Germany) whereas formic acid (mass spectrometry grade) and ammonium
formate (analytical grade) were obtained from Fluka (Milan, Italy). Magnesium sulphate was obtained
from VWR Chemicals BDH Prolabo, (Leuven, Belgium) and C18 (analytical grade) was purchased
from Supelco (Bellafonte, Pennsylvania, PA, USA).

Syringe filters with polytetrafluoroethylene membrane (PTFE, 15 mm, diameter 0.2 μm) were
provided by Phenomenex (Castel Maggiore, Italy); conical centrifuge polypropylene tubes of 50 mL
and 15 mL were obtained from BD Falcon (Milan, Italy).

4.2. Sampling

A total of eighty-nine standard dry pet food samples was randomly purchased from different pet
shops located in Campania region, Southern Italy. The acquired pet food samples were classified as
follows: dogs (n= 55) and cats (n = 34). The nutritional composition of the analyzed samples is shown
in Table 4. The main ingredients declared in labels from samples were rice, corn, corn flour, wheat,
tapioca, wheat flour, oat, and barley. All samples were homogenized using a laboratory mill (particle
size 200 μm) and then stored in a dark and dry place until analysis. The analysis was performed within
3 days after sample registration [40].

Table 4. Nutritional composition of standard dry pet food samples.

Composition (%) Dog (n = 55) Cat (n = 34)

Proteins 25.8 ± 5.2 33.8 ± 3.8
Fats 14.9 ± 3.4 15.2 ± 4.4

Fibers 6.8 ± 1.2 7.5 ± 1.1
Total minerals 3.0 ± 2.1 3.9 ± 2.9
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4.3. Sample Preparation

In this work, a sample preparation procedure for extraction of mycotoxins from laboratory rat feed
reported in literature was selected as starting point and slightly modified [11]. In brief, homogenous
representative samples (2 g) were weighted into 50 mL falcon tube and 10 mL of AcN:H2O mixture
(80:20, v/v with 0.1% of formic acid) were added. The mixture was placed in a horizontal shaker for
60 min at 245× g and then placed into an ultrasonic bath for 15 min. Samples were centrifuged for
3 min at 3435× g at 4 ◦C, and 2 mL of the upper layer were submitted to a dispersive-SPE with a
mixture of 300 mg of anhydrous MgSO4 and 100 mg of C18, and vortexed for 1 min. The mixture was
centrifuged for 1 min at 1472× g at 4 ◦C. Finally, the extract was evaporated to dryness under gentle
nitrogen flow at 45 ◦C, reconstituted with 0.5 mL of MeOH/H2O (70:30, v/v), and filtered (0.22 μm filter)
prior to the UHPLC-Q Orbitrap HRMS analysis.

4.4. Method Validation

The method validation was performed in-house with respect to linearity, matrix effect, sensitivity,
accuracy, and precision, as expected with compliance to Commission Decision 2002/657/EC. For the
spiking and recovery studies, there were employed a pool of blank pet food samples (n = 10) (dog,
n = 5; and cat, n = 5) of previous studies. Linearity was evaluated throughout standard solutions and
matrix-matched calibrations. A graphic scatter plot test was used to assess the linearity, and lack-of-fit
test was performed in linear regression model. Linear range of the method was assessed from limit
of quantification to 1000 μg/kg for all mycotoxins. Matrix effect was evaluated by comparing the
slopes of standard solutions built in neat solvent and the matrix-matched calibration curve. Values
around 100% mean that there are no matrix effects, signal suppression, or enhancement if the value
obtained was lower or higher than 100%, respectively. The sensitivity was evaluated by LODs and
LOQs. LOD was defined as the minimum concentration where the molecular ion can be identified
with a mass error below 5 ppm, and LOQ was set as the lowest concentration of the analyte that
produce a chromatographic peak with precision and accuracy <20%. The accuracy of the method was
evaluated with recovery studies. Blank samples were spiked and left to equilibrate overnight and then
extracted as previously described. Method recovery was performed at three spiking levels (10, 20,
and 100 μg/kg). Precision was expressed as relative standard deviation (% RSD) and calculated by
triplicate measurements carried out on a single day (repeatability) and on three non-consecutive days
(within-laboratory repeatability) [41].

4.5. Quality Assurance/Quality Control

For the confirmation criteria, the peaks for the studied compounds in the samples were confirmed
by comparing the retention times of the peak with those of standard solutions at a tolerance of ± 2.5%.
To ensure a higher level of confidence in the identification, the precursors and product ions were
recognized with a mass error below 5 ppm. In the QA/QC procedure, a sample blank, a reagent blank,
a replicate sample, and a matrix-matched external calibration were added at the beginning and end
of each sample batch in order to assess the effectiveness of the developed method. Spiked pet food
samples at three concentration levels (10, 20, and 100 μg/kg) were used for analytical quality control.

4.6. Ultrahigh-Performance Liquid Chromatography Coupled to High-Resolution Mass-Spectrometry
(UHPLC-Q-Orbitrap HRMS) Analysis

Detection and quantitation were performed with a UHPLC instrument (Dionex Ultimate 3000,
Thermo Fisher Scientific, Waltham, Ma, USA) equipped with a degassing system, a Quaternary UHPLC
pump working at 1250 bar, and an autosampler device. Chromatographic separation of analytes was
performed with a thermostated Luna Omega Polar C18 column (50 × 2.1 mm, 1.6 μm, Phenomenex)
kept at 30 ◦C. Both mobile phases contained 0.1% formic acid and 5 mM ammonium formate and
were H2O (phase A) and MeOH (phase B). The LC gradient started with 0% B, kept up to 1 min,
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and then increased to 95% B in 1 min, followed by a hold-time of 0.5 min at 95% B. Afterward,
the gradient switched back to 75% in 2.5 min, and decreased again reaching 60% B in 1 min. The
gradient returned in 0.5 min at 0%, and 1.5 min column re-equilibration at 0%. The injection volume
was 5 μL with flow rate of 0.4 mL/min. The UHPLC system was coupled to a Q-Exactive Orbitrap
mass spectrometer (UHPLC, Thermo Fischer Scientific, Waltham, Ma, USA). The mass spectrometer
was operated in both positive and negative ion mode using fast polarity switching by setting two
scan events (Full ion MS and All ion fragmentation, AIF). Full scan data were acquired at a resolving
power of 35,000 FWHM at m/z 200. The conditions in positive ionization mode (ESI+) were: spray
voltage 4 kV; capillary temperature 290 ◦C; S-lens RF level 50; sheath gas pressure (N2 > 95%) 35,
auxiliary gas (N2 > 95%) 10, and auxiliary gas heater temperature 305 ◦C. Ion source parameters in
negative (ESI−) mode were: spray voltage −4 kV; capillary temperature 290 ◦C; S-lens RF level 50;
sheath gas pressure (N2 > 95%) 35, auxiliary gas (N2 > 95%) 10, and auxiliary gas heater temperature
305 ◦C. Value for automatic gain control (AGC) target was set at 1 × 106, a scan range of m/z 100–1000
was selected and the injection time was set to 200 ms. Scan-rate was set at 2 scans/s. For the scan
event of AIF, the parameters in the positive and negative ion mode were: mass resolving power =
17,500 FWHM; maximum injection time = 200 ms; scan time = 0.10 s; ACG target = 1 × 105; scan range
= 100–1000 m/z, isolation window to 5.0 m/z, and retention time window to 30 s. The collision energy
was optimized individually for each compound. Different collision energies were tested while the
infusion of the compound was performed into the HRMS. The optimal energy was chosen when at
least the parent compound remained at 10% intensity and it produced characteristic product ions from
80–100% intensity. Data processing were performed by the Quan/Qual Browser Xcalibur software,
v. 3.1.66. (Xcalibur, Thermo Fisher Scientific). Retrospective screening was carried out on spectral
data collected using a mycotoxin spectral library (Mycotoxin Spectral Library v1.1 for LibraryView™
Software, AB SCIEX, Framingham, USA). The identification was based on accurate mass measurement
with a mass error below 5 ppm for the molecular ion; while regarding the fragments on the intensity
threshold of 1000 and a mass tolerance of 5 ppm. Quantitative results were obtained working in scan
mode with HRMS exploiting the high selectivity achieved in full-scan mode, whereas MS/HRMS
information was used for confirmatory purposes.

4.7. Statistics and Data Analysis

All validation experiments were performed in triplicate, and the results were expressed as
the average values ± relative standard deviation (RSD, %). Student’s t-test statistical analysis was
performed for data evaluation; p values < 0.05 were considered significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/8/434/s1,
Table S1: Optimization of sample preparation procedure, Table S2: Accuracy and precision of the developed method.
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Abstract: The determination of mycotoxin and metabolite concentrations in human and animal urine
is currently used for risk assessment and mycotoxin intake measurement. In this study, pig urine
(n = 195) was collected at slaughterhouses in 2012 by the Swedish National Food Agency in three
counties representing East, South and West regions of Sweden. Urinary concentrations of four
mycotoxins, (deoxynivalenol (DON), zearalenone (ZEA), fumonisin B1 (FB1), and ochratoxin A
(OTA)), and four key metabolites, (deepoxy-deoxynivalenol (DOM-1), aflatoxin M1 (AFM1, biomarker
of AFB1), α-zearalenol (α-ZOL), and β-zearalenol (β-ZOL)) were identified and measured by
UPLC-MS/MS. Statistically significant regional differences were detected for both total DON (DON +
DOM-1) and total ZEA (ZEA + α-ZOL + β-ZOL) concentrations in pig urine from the three regions.
These regional differences were in good agreement with the occurrence of Fusarium graminearum
mycotoxins (DON + ZEA) in cereal grains harvested in 2011 in Sweden. There were no statistically
significant differences in FB1, AFM1 and OTA urinary concentrations in pigs from the three regions.
The overall incidence of positive samples was high for total ZEA (99–100%), total DON (96–100%)
and OTA (85–95%), medium for FB1 (30–61%) and low for AFM1 (0–13%) in the three regions.
Urinary mycotoxin biomarker concentrations were used to estimate mycotoxin intake and the level of
mycotoxins in feeds consumed by the monitored pigs. The back-calculated levels of mycotoxins in
feeds were low with the exception of seven samples that were higher the European limits.

Keywords: mycotoxins; biomarkers; urine; UPLC-MS/MS; intake; feed; grain

Key Contribution: This is the first manuscript that provides data on the occurrence of the five
agriculturally important mycotoxins and metabolites in pig urine collected in three regions of Sweden.
A statistically significant difference in total DON and total ZEA concentrations were observed in the
three monitored regions, which reflected a similar situation in the grain grown in the respective areas.

1. Introduction

Deoxynivalenol (DON), zearalenone (ZEA), fumonisin B1 (FB1), ochratoxin A (OTA) and aflatoxin
B1 (AFB1) were defined as the five agriculturally important mycotoxins for their impact on the safety
of human food and feed [1]. Pigs are quite susceptible to mycotoxin toxicity; therefore, the guidance
values for cereals and cereal products and compound feed for animal feeding are lower for those
destined for pigs [2]. In developed countries, feeds are constantly monitored for mycotoxins to protect
animal health and increase animal productivity and farmer’s income. Monitoring mycotoxins in
cereal grain is expensive and laborious due to the inhomogeneous distribution of mycotoxins in raw
materials, which requires the application of adequate sampling plans that comprise the collection of a

Toxins 2019, 11, 378; doi:10.3390/toxins11070378 www.mdpi.com/journal/toxins133
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high number of samples to be analyzed. Hult et al. (1979) demonstrated the efficacy of biomonitoring
of OTA in pig’s blood to determine OTA levels in feeds consumed by the monitored pigs [3].
Subsequently, Gilbert et al.; (2001) demonstrated a better correlation between OTA consumption and
urinary OTA as compared to blood OTA [4]. More recently, with the availability of better performing
LC-MS/MS instrumentation, new and high performing analytical methods, such as those reviewed by
Vidal et al.; (2018) [5], were developed for multiple mycotoxins and their phase I and II metabolites
determination in biological fluids, especially urine. The introduction of an enzymatic digestion step
in the sample preparation of urine was used in several analytical methods in order to hydrolyze
conjugated mycotoxins, phase II metabolites and conjugated phase I metabolites of mycotoxins into free
analytes. This approach reduces the number of analytes to be monitored, increases the sensitivity of the
analytical method and avoids producing/synthesizing commercially unavailable conjugated standards.
A good dose response was demonstrated in piglets between the consumption of the five agriculturally
important mycotoxins and urinary concentrations of mycotoxins and their metabolites [6]. Urinary
concentrations of mycotoxins and their metabolites were also successfully used to demonstrate the
efficacy of grape pomace to significantly reduce the bioavailability of AFB1 and ZEA in pigs [7].
Few studies have been conducted in the past to assess pig exposure to mycotoxins, and most of them
considered only one mycotoxin and its metabolites [8–13]. The main aim of the present work was
to assess pig exposure to the five agriculturally important mycotoxins through the determination of
mycotoxin biomarkers in urine collected at slaughterhouses in three regions of Sweden and to evaluate
any regional differences. The main conclusion of this study was that mycotoxin exposure of Swedish
pigs was low with a few exceptions. Moreover, our results indicate that pig urine can be used for
monitoring both pig exposure to mycotoxins as well as the trends of DON and ZEA in cereal grains.

2. Results and Discussion

2.1. Occurrence, Intake, Feed Contamination and Regional Differences

The UPLC-MS/MS method and MS/MS parameters used in this study to analyze pig urine
were previously reported [6,7]. As a minor modification, 5 mL of urine was used instead of 6 mL.
The method performance was verified by a recovery experiment conducted with Swedish pig urine.
As shown in Table 1, mean recoveries (>70%) and the repeatability of results (1–12%) were all acceptable,
with the exception of FB1 that gave a mean recovery of 64% but a good repeatability of results (7%).
In Table 1, we also report the values of the limit of detection (LOD) (0.006–0.36 ng/mL) and the limit of
quantification (LOQ) (0.02–1.21 ng/mL) for each analyte. LOD and LOQ were calculated as three times
and 10 times the noise, respectively.

Table 1. Results of in-house validation of the LC-MS/MS method for mycotoxin biomarkers in pig
urine. DON = deoxynivalenol; ZEA = zearalenone; FB1 = fumonisin B1; OTA = ochratoxin A; DOM-1
= deepoxy-deoxynivalenol; AFM1 = aflatoxin M1; α-ZOL = α-zearalenol; β-ZOL = β-zearalenol.

Mycotoxin
Spike levels

(ng/mL)
Recovery

(%)
RSD a

(%)
LOD b

(ng/mL)

LOQ c

(ng/mL)

DON 90 93 6.8 0.18 0.61

DOM-1 45 82 3.6 0.36 1.21

ZEA 45 98 1.1 0.02 0.07

α-ZOL 45 100 0.9 0.04 0.13

β-ZOL 45 96 12.3 0.04 0.15

OTA 0.9 71 5.0 0.006 0.02

FB1 18 64 6.7 0.02 0.06

AFM1 9.0 96 0.7 0.01 0.03
a RSD: within-day relative standard deviation b LOD: limit of detection c LOQ: limit of quantification.
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In Table 2, we report the incidence of positive samples, and the mean, median and max
concentration of each analyte, reported as ng/mL and as ng/mg creatinine (crea). The total concentrations
of DON (DON + DOM-1) and ZEA (ZEA + α-ZOL + β-ZOL) are also reported. The high percentages
of samples positive for DON, ZEA and their metabolites was not surprising and were comparable to
those previously reported by other authors for pig urine [9,11,13].

Table 2. Urinary concentrations of mycotoxins and their metabolites in samples of Swedish pigs
collected in 2012 (n = 195).

Mycotoxin a % Positives b

(n)

Mean ± SD c

(ng/mL)
Median
(ng/mL)

Max
(ng/mL)

Mean ± SD c

(ng/mg crea)

Median
(ng/mg

crea)

Max
(ng/mg

crea)

DON 93% (181) 19.35 ± 49.53 5.91 510.64 17.25 ± 56.28 3.43 491.25

DOM-1 95% (186) 12.89 ± 20.55 4.95 120.63 10.71 ± 27.14 3.75 318.69

Total DON 98% (192) 32.25 ± 59.92 12.46 538.51 27.95 ± 77.64 7.84 809.94

ZEA 92% (179) 2.44 ± 4.39 0.77 28.32 2.32 ± 7.63 0.58 76.68

α-ZOL 90% (176) 2.72 ± 4.78 1.02 33.86 3.31 ± 13.87 0.69 162.47

β-ZOL 81% (158) 0.75 ± 1.59 0.21 14.69 0.73 ± 1.97 0.13 18.15

Total ZEA 99% (194) 5.91 ± 9.78 2.13 65.66 6.37 ± 22.35 1.41 257.29

OTA 95% (185) 0.31 ± 0.65 0.23 7.94 0.39 ± 2.03 0.11 25.57

FB1 42% (82) 0.080 ± 0.256 0.01 2.58 0.084 ± 0.256 0.01 2.08

AFM1 7% (14) 0.015 ± 0.063 0.01 0.74 0.014 ± 0.057 0.003 0.50
a DON = deoxynivalenol; DOM-1 = deepoxy-deoxynivalenol; Total DON = DON + DOM-1; ZEA = zearalenone;
α-ZOL = α-zearalenol; β-ZOL = β-zearalenol; Total ZEA = ZEA + α-ZOL + β-ZOL; OTA = ochratoxin A; FB1 =
fumonisin B1, AFM1 = aflatoxin M1; crea = creatinine. b Positives are considered the samples above the LOD, n
= number of samples. c To calculate mean concentrations, values below the LOD were assigned a fixed value of
LOD/2, values between the LOD and the LOQ were assigned a fixed value of LOQ/2. SD = standard deviation.

The occurrence of multiple mycotoxins and metabolites in pig urine is reported in Figure 1.
The most common combinations were total DON + total ZEA + OTA (50.3% of samples) followed by
total DON+ FB1 + total ZEA+OTA (34.9% of samples) (Figure 1). Each of the seven other combinations
occurred in less than 6% of urine.

 

Figure 1. Mycotoxin combinations and their incidence in 195 Swedish pig urine samples collected in
2012. tDON = total DON; tZEA = total ZEA.
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In Table 3, we compare the results of the present study (percentage of positives and mean
concentrations of positive samples) with those reported in other studies conducted with pigs or piglets
bred in six different countries. Mean concentrations of mycotoxin biomarkers in Swedish pigs were
within the concentrations reported by other authors for this animal species. In particular, the urinary
mean DON concentration of Swedish pigs was lower than that measured in Belgian pigs [12] but higher
than those measured in Vietnamese pigs [13] and French piglets [7]. Mean urinary concentrations of
ZEA and total ZEA were lower than those reported from Croatia [9,10], Austria [11] and Vietnam [13]
but higher than those reported from France for piglets [7]. A high mean concentration of ZEA (206
ng/mL) was reported in Croatia for 30 pigs showing clear symptoms of hyperestrogenism, probably
because they were fed with feed highly contaminated by ZEA [9]. Swedish pig urine showed incidences
of positive samples and a mean OTA concentration higher than those reported for Belgian pigs and
French piglets [7,12]. On the other hand, the incidence of positive samples and mean concentration
of FB1 in Swedish pigs was comparable to those reported for Belgian pigs and French piglets [7,12].
A remarkable difference was observed when comparing the AFM1 results of Swedish and Vietnamese
pigs. As reported in Table 3, the Swedish pig urine showed an incidence of positive samples and mean
AFM1 concentration 8–11 and 4–27 times lower compared to Vietnamese pig urine, respectively [8,13].
These results confirmed that the feeds used to fed Swedish pigs were only sporadically and marginally
contaminated by AFB1 which is mainly excreted in urine as AFM1. Taken together, the results reported
in Table 3 gave a picture about the differing occurrence of the eight biomarkers of the five agriculturally
important mycotoxins in the urine of pigs bred in Sweden and France, and for 1–6 biomarkers of 1–3
mycotoxins in five more countries.

The urinary mycotoxin and metabolite concentrations measured in this study and the urinary
excretion rate of the five target mycotoxins and their metabolites in pigs [6] were used to calculate the
probable daily intake (PDI) of the target mycotoxins in Swedish pigs using Formula (1). The calculated
mean and max PDI values of each mycotoxin in exposed pigs is shown in Table 4.

The mean PDI value of DON was higher than those of ZEA, OTA, FB1 and AFB1. The calculated
PDI values, mean pig weight, mean daily urine volume and mean weight of feed consumed daily by
pigs were used to calculate the level of each mycotoxin in the feed consumed by each pig monitored in
this study according to Formula (2), reported in the experimental section. The results of this evaluation
are reported in Table 5, which also shows the maximum permitted level of AFB1 [14] and the guidance
levels of DON, ZEA, OTA and fumonisins in feeds for pigs [2]. The estimated mean level of DON
in feed was 116.8 μg/kg, whereas for ZEA, OTA, FB1 and AFB1, they ranged from 16.1–0.6 μg/kg.
These values are largely below the limits for DON (900 μg/kg), ZEA (250 μg/kg), OTA (50 μg/kg), AFB1

(20 μg/kg) and FB1 (5000 μg/kg). However, the estimated mycotoxin levels of the feeds consumed by
seven pigs were higher the limits of DON, OTA or AFB1. Five out of the seven pigs were bred in the
West region and three of them consumed feed with high DON levels, whereas two pigs consumed
feeds with high levels of OTA (Table 5). On the other hand, only one pig from the East region and one
from the South region consumed feed contaminated with high levels of AFB1 and OTA, respectively.
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Table 4. Probable daily intake (PDI) (μg/kg bwa) of total DON (DON + DOM-1), total ZEA (ZEA +
α-ZOL + β-ZOL), OTA, AFB1 and FB1 in 195 Swedish pigs.

Analyte Mean ± SD Median Max

Total DON 2.66 ± 4.93 1.03 44.34

Total ZEA 0.36 ± 0.60 0.13 4.06

OTA 0.27 ± 0.57 0.20 6.94

FB1 0.07 ± 0.22 0.01 2.26

AFB1 0.01 ± 0.06 0.005 0.67
a bw = body weight.

Table 5. Comparison of EU limits and mean levels of DON, ZEA, OTA, AFB1, and FB1 in pig feeds
calculated from urinary biomarker concentrations.

Mycotoxin
Limits
(μg/kg)

Mean ± SD
(μg/kg)

Median
(μg/kg)

Max
(μg/kg)

n > limit
East

n > limit
South

n > limit
West

DON 900 1 116.84 ± 217.09 45.14 1951.11 0 0 3

ZEA 250 1 16.06 ± 26.57 5.78 178.42 0 0 0

OTA 50 1 11.87 ± 25.02 8.85 305.25 1 0 2

FB1 5000 1 3.08 ± 9.84 0.38 99.26 0 0 0

AFB1 20 2 0.60 ± 2.51 0.20 29.64 0 1 0
1 Commission Recommendation (EC) n. 2006/576. 2 Commission Regulation (EC) n. 574/2011.

These results prompted us to statistically compare the mycotoxin concentrations in the urine
of pigs bred in the West, South and East regions of Sweden (Figure 2). The results of this statistical
evaluation were reported in Table 6 as ng/mL and as ng/mg crea. A significant difference (p < 0.001)
was observed for total DON between West (56.8 ± 88.7 ng/mL) and South (19.3 ± 22.8 ng/mL) and
between West and East (12.8± 13.6 ng/mL). The statistical analyses of crea adjusted urine concentrations
confirmed the significant difference (p < 0.009) of total DON between West (45.7 ± 106 ng/mg crea) and
South (12.9 ± 15.1 ng/mg crea), but no differences were observed between West and East and between
South and East. Total ZEA was significantly higher (p < 0.009) in the West (7.8 ± 10.4 ng/mL) compared
to South (4.3 ± 9.5 ng/mL) but no significant difference was found to the East. Similar results were
obtained for crea adjusted concentrations, although a significant difference (p < 0.05) was also observed
between East (12.5 ± 42.2 ng/mg crea) and South (3.7 ± 10.5 ng/mg crea).

These regional differences were in good agreement with the differing occurrence of Fusarium
graminearum mycotoxins (DON and ZEA) in cereal grains harvested in 2011 in different Swedish
regions [15,16]. Moreover, data pertaining to DON in oats in 2011 collected by the Swedish grain
industry (Thomas Börjesson, personal communication) showed similar differences between West (mean
level 4287 ± 4120 μg/kg, n = 1300) and South (mean level 572 ± 655 μg/kg, n = 160). Despite the fact
that pigs are not fed oats, the data reflect the situation of a high infection rate with F. graminearum in
the fields of the West region, which was particularly troublesome in oats this year.

According to the Kruskal–Wallis equality of population rank test, there was no difference (p > 0.05)
in FB1, AFM1 and OTA between the three regions. Considering that AFB1 and FB1 were not found in
Swedish grains, the positive samples were most likely due to other feed components or the farmer was
not producing their own feed and used commercial feed; in that case, we should not expect regional
differences. Protein concentrates were found to contain AFB1 from 5–500 μg/kg and the more heavily
contaminated samples were destined for pig rations [17].
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Figure 2. Map of the Sweden showing from which county the pig urine samples were collected.
The West region is represented by Västra Götaland county (O), the South region is represented by Skåne
county (M) and the East region is represented by Kalmar county (H). The names of other counties are
reported here https://www.iso.org/obp/ui/#iso:code:3166:SE.

2.2. Comparison of Urinary Mycotoxin/Metabolite Ratios in Naturally Exposed Pigs and Pigs Fed with
Experimental Contaminated Diets

In Figure 3, the ratios of DON/DOM-1, ZEA/α-ZOL, ZEA/β-ZOL and ZEA/α-ZOL + β-ZOL
measured in the urine of pigs chronically exposed to naturally contaminated feeds are compared to
pigs exposed for a short period (1–29 days) to relatively high DON and/or ZEA doses in experimental
in vivo studies [6,7,18–22]. All mean ratios measured in the occurrence studies [7,11,13], including
the present study, were statistically lower (p < 0.05) than those measured in in vivo studies where
pig diets contained higher levels of DON and/or ZEA (Figure 3). The calculated total mean level of
DON in feeds consumed by the monitored pigs of the three occurrence studies [7,13], including the
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present study, was 60 μg/kg, whereas the calculated total mean level of DON in the various feeds
used in the seven in vivo studies was 2321 μg/kg [6,7,18–22]. The calculated total mean level of
ZEA in feeds consumed by pigs of the four occurrence studies [7,11,13], including the present study,
was 21 μg/kg, whereas the total mean level of ZEA in various feeds used in the six in vivo studies was
920 μg/kg [6,7,18,19,21,23]. The data shown in Figure 3 suggested that pigs chronically exposed to
relatively low levels of DON and/or ZEA (occurrence studies) had an improved capacity to metabolize
DON into DOM-1 as compared to pigs exposed for a relatively short period to high levels of these
mycotoxins, i.e. DON/DOM-1 ratio was lower in occurrence studies as compared to in vivo studies.
Moreover, the results shown in Figure 3 confirmed that pigs mainly metabolize ZEA into α-ZOL,
and to a lesser extent into β-ZOL, i.e. ZEA/α–ZOL ratios were always lower that ZEA/β-ZOL ratios
both in occurrence results and in vivo results (Figure 3).

Figure 3. Ratios of DON/DOM-1, ZEA/α-ZOL, ZEA/β-ZOL and ZEA/α-ZOL + β-ZOL in the urine of
pigs chronically exposed to naturally contaminated feeds (grey bars) [7,11,13] and pigs exposed for a
short period to relatively high doses of DON and/or ZEA (black bars) [6,7,19–23]. a,b Different letters
within each couple of bars represent statistically significant difference (p < 0.05).

3. Conclusions

The UPLC-MS/MS method used herein for the determination of urinary biomarkers of DON,
FB1, OTA, AFB1 and ZEA was suitable to measure the low concentrations naturally occurring in pig
urine from pigs bred in three Swedish regions. A multiple mycotoxin exposure was detected in all
samples and the more frequent mycotoxin combinations were total DON + total ZEA + OTA followed
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by total DON + FB1 + ZEA + OTA. Urinary biomarker concentrations were used to estimate PDI and
mycotoxin levels in feeds consumed by pigs. The overall mycotoxin levels in feeds were lower the
European limits with the exception of 4% of the samples that were found to be contaminated with
levels of either DON, OTA or AFB1 that were higher than the recommended/regulatory limits. Within
the three regions monitored in this study, the pigs bred in the West region were more exposed to DON
and ZEA compared to pigs in the South and East regions. Monitoring of urinary mycotoxin biomarkers
was quite effective to assess pig exposure to mycotoxins, the mycotoxin levels in consumed grains and
to identify the regions at higher risk for mycotoxin accumulation in the grains produced.

4. Materials and Methods

4.1. Collection of Samples

The sampling of pig urine, collected from slaughterhouses, was conducted from January–December
2012 by the Swedish National Food Agency. The age of the pigs at slaughter were, on average, 6 months
with a range of 5–8 months. The West, South and East regions of Sweden were represented by Västra
Götaland county (n = 74), Skåne county (n = 83) and Kalmar county (n = 38), respectively (Figure 2).
Soon after collection, urine samples were frozen and sent from the National Food Agency (Uppsala,
Sweden) to the Institute of Sciences of Food Production (Bari, Italy) for UPLC-MS/MS analysis of
biomarkers of the five agriculturally important mycotoxins, i.e.; DON and DOM-1 for DON, AFM1 for
AFB1, FB1 for FB1, ZEA, α-ZOL and β-ZOL for ZEA, and OTA for OTA.

4.2. Chemicals and Reagents

Standard solutions of mycotoxins and their key metabolites were purchased from Romer Labs
Diagnostic (Tulln, Austria). In particular, solutions of DON (100 μg/mL), DOM-1 (50 μg/mL), AFM1

(0.5 μg/mL), ZEA (100 μg/mL), α-ZOL (10 μg/mL), β-ZOL (10 μg/mL) and OTA (10 μg/mL) were
prepared in acetonitrile (ACN), whereas FB1 solution (50 μg/mL) was prepared in acetonitrile–water
(50:50 v/v). The enzymatic solution β-glucuronidase/sulfatase type H-2 from Helix pomatia (specific
activity 130,200 units/m L β-glucuronidase, 709 units/mL sulfatase) was purchased by Sigma Aldrich
(Milan, Italy). Chromatography-grade methanol (MeOH) and glacial acetic acid were obtained from
Carlo Erba (Milan, Italy). Ultrapure water was obtained from a Milli-Q system (Millipore, Bedford, MA,
USA). Myco6in1+TM immunoaffinity columns were purchased from Vicam L.P (Watertown, MA, USA).
OASIS HLB® columns (60 mg, 3 mL) were purchased from Waters (Milford, MA, USA) and regenerated
cellulose filters (0.45 μm) were purchased from Sartorius Stedim Biotech (Goettingen, Germany).

4.3. Urine Analysis

The analyses of pig urinary mycotoxin biomarkers (DON, DOM-1, AFM1, FB1, ZEA, α-ZOL,
β-ZOL and OTA) were performed using an ultra-performance liquid chromatography tandem mass
spectrometry (UPLC-MS/MS) method reported elsewhere [6,7]. Briefly, 5 mL of pig urine was treated
with the aqueous solution of β-glucuronidase/sulfatase type H-2 from Helix pomatia to hydrolyze
glucuronide- and sulfate- conjugates of mycotoxins and their key metabolites. The digested sample
was diluted with water (1:1, v/v) and purified on a Myco6in1+TM multi-antibody immunoaffinity
column and OASIS HLB® column connected in tandem. The purified urine was dried down and
reconstituted in 200 μl of mobile phase (MeOH:H2O, 20:80, v/v) and analyzed by UPLC-MS/MS with a
triple quadrupole API 5000 mass spectrometer (Applied Biosystems, Foster City, CA, USA), equipped
with an ESI interfaced to an Acquity UPLC system comprising a binary pump and a microautosampler
(Waters, Milford, MA, USA). Data acquisition and processing was performed with Analyst version
1.5.1 software (Applied Biosystems 2011, Foster City, CA, USA). Detailed chromatographic and mass
spectrometric operating conditions are reported elsewhere [24,25]. Crea concentrations in urine
samples were analyzed according to an enzymatic method described by [26].
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4.4. Calibration Curves

Quantification of mycotoxin biomarkers in the 195 purified pig urine sample extracts was
performed using matrix-matched calibration curves. For each set of samples (one for each day),
matrix-matched calibration solutions were prepared for 6 purified urinary extracts: one aliquot was
analyzed as a control and 5 aliquots were used to prepare calibration samples. In particular, aliquots of
urine from 5 pigs were pooled and mixed, then 6 aliquots (5 mL each) were purified according to the
protocol reported above. After purification, adequate and increasing amounts of standard solutions
of DON, DOM-1, AFM1, FB1, ZEA, α-ZOL, β-ZOL and OTA were added to the 5 purified extracts,
dried down, reconstituted in 200 μL of LC–MS/MS mobile phase and filtered. The calibration ranges in
the matrix ranged between: 0.1–100 ng/mL for DON, 0.75–24.85 ng/mL for DOM-1, 0.01–7 ng /mL for
AFM1, 0.10–101.6 ng/mL for FB1, 0.03–20.6 ng/mL for β-ZOL and α-ZOL, 0.01–100 ng/mL for ZEA,
0.01–5.01 ng/mL for OTA.

4.5. Recovery Experiment

A mixture of 3 blank pig urine samples was used for the recovery experiment of DON, DOM-1,
AFM1, FB1, ZEA, α-ZOL, β-ZOL and OTA. Triplicate experiments were performed. The spiking
concentration of each analyte was reported in Table 1. They ranged from 0.9 ng/mL for OTA to
90 ng/mL for DON. Matrix matched calibration curves were used to quantify each analyte. LOD and
LOQ were calculated as 3 times and 10 times the noise, respectively.

4.6. Censoring

Left-censored analytical results, i.e.; values below the limit of detection (LOD) and the limit of
quantification (LOQ), were evaluated with the substitution method as suggested by the European
Food Safety Authority (EFSA 2010) [27]. Within the three scenarios proposed by EFSA (lower, middle
and upper bound), we used the middle bound approach, i.e.; results below the LOD (or the LOQ),
were given the value LOD/2 (or LOQ/2). To calculate the mean concentration in positive samples
(Table 3), the values between the LOD and the LOQ were assigned a fixed value of LOQ/2. LOD and
LOQ values for all mycotoxins and metabolites were reported in Table 1.

4.7. Estimation of Mycotoxin Intake

Calculation of intake estimation was performed for DON, ZEA, FB1, OTA and AFB1 in pigs using
urinary biomarker concentrations measured in this study according Formula (1), reported by [25]:

PDI = (C × V × 100)/(W × E) (1)

where:
PDI: probable daily intake of each mycotoxin (μg/kg body weight);
C: pig urinary biomarker concentration (μg/L);
V: mean 24 h pig urine volume (2.5 L);
W: mean pig body weight (110 kg);
E: mean urinary excretion rate of each mycotoxin in 24 h post dose in piglets (36.8% for total
ZEA, 27.9% for total DON, 2.6% for FB1, 2.6% for OTA and 2.5% for AFB1 excreted as AFM1 [6]).

4.8. Estimation of Feed Contamination

The DON, ZEA, FB1, OTA and AFB1 contamination in feeds consumed by the pigs monitored in
this study was calculated using the calculated PDI of each mycotoxin and Formula (2).

ML = PDI ×W/V (2)

where:
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ML: mycotoxin level in the feed (μg/kg);
PDI: probable daily intake of the mycotoxin (μg/kg body weight);
W: mean pig body weight (110 kg)
V: mean 24 h pig urine volume (2.5 L)

4.9. Statistical Analyses of Urinary Biomarker Concentrations and Geographical Areas

Mean, median and standard deviation of the results were calculated using Microsoft Excel 2013
software (Microsoft Corporation, Redmond, WA, USA). Statistical analyses were performed using GraphPad
Instat software version 3.00 (Instat 1997, San Diego, CA, USA). Data were subjected to the unpaired t-test
(one-tail p value). Values were judged to be significantly different if p values were < 0.05.

The Mann–Whitney test and the Kruskal–Wallis equality of population rank test were performed
in STATA version 12.1 (STATA Corp. 2017, College Station, TX, USA). A p-value < 0.05 was
considered significant.
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10. Vulić, A.; Pleadin, J.; Perši, N.; Mitak, M. Analysis of naturally occurring zearalenone in feeding stuffs and
urine of farm animals in Croatia. J. Immunoass. Immunochem. 2012, 33, 369–376. [CrossRef]

11. Jodlbauer, J.; Zöllner, P.; Lindner, W. Determination of zeranol, taleranol, zearalenone, α-and β-zearalenol in
urine and tissue by high-performance liquid chromatography-tandem mass spectrometry. Chromatographia
2000, 51, 681–687. [CrossRef]

144



Toxins 2019, 11, 378

12. Song, S.; Ediage, E.N.; Wu, A.; De Saeger, S. Development and application of salting-out assisted
liquid/liquid extraction for multi-mycotoxin biomarkers analysis in pig urine with high performance
liquid chromatography/tandem mass spectrometry. J. Chromatogr. A 2013, 1292, 111–120. [CrossRef]
[PubMed]

13. Thieu, N.Q.; Pettersson, H. Zearalenone, deoxynivalenol and aflatoxin B1 and their metabolites in pig urine
as biomarkers for mycotoxin exposure. Mycotox. Res. 2009, 25, 59–66. [CrossRef] [PubMed]

14. European Commission. European Commission (EC) Commission Regulation 574/2011 of 16 June 2011
amending Annex I to Directive 2002/32/EC of the European Parliament and of the Council as regards maximum
levels for nitrite, melamine, Ambrosia spp. and carry-over of certain coccidiostats and histomonostats and
consolidating Annexes I and II thereto. Off. J. Eur. Union 2011, 7, L159.

15. Lindblad, M.; Gidlund, A.; Sulyok, M.; Börjesson, T.; Krska, R.; Olsen, M.; Fredlund, E. Deoxynivalenol and
other selected Fusarium toxins in Swedish wheat—Occurrence and correlation to specific Fusarium species.
Int. J. Food Microbiol. 2013, 167, 284–291. [CrossRef] [PubMed]

16. Fredlund, E.; Gidlund, A.; Sulyok, M.; Börjesson, T.; Krska, R.; Olsen, M.; Lindblad, M. Deoxynivalenol and
other selected Fusarium toxins in Swedish oats—Occurrence and correlation to specific Fusarium species.
Int. J. Food Microbiol. 2013, 167, 276–283. [CrossRef]

17. European Food Safety Authority (EFSA). Opinion of the scientific panel on contaminants in the food chain
on a request from the commission related to aflatoxin B1 as undesirable substance in animal feed. EFSA J.
2004, 39, 1–27.

18. Brezina, U.; Rempe, I.; Kersten, S.; Valenta, H.; Humpf, H.-U.; Dänicke, S. Diagnosis of intoxications of piglets
fed with Fusarium toxin-contaminated maize by the analysis of mycotoxin residues in serum, liquor and
urine with LC-MS/MS. Arch. Anim. Nutr. 2014, 6, 425–447. [CrossRef]

19. Dänicke, S.; Brüssow, K.P.; Valenta, H.; Ueberschär, K.H.; Tiemann, U. and Schollenberger, M. On the effects
of graded levels of Fusarium toxin contaminated wheat in diets for gilts on feed intake, growth performance
and metabolism of deoxynivalenol and zearalenone. Mol. Nutr. Food Res. 2005, 49, 932–943. [CrossRef]

20. Dänicke, S.; Goyarts, T.; Valenta, H.; Razzazi, E.; Bohm, J. On the effects of deoxynivalenol (DON) in pig feed
on growth performance, nutrients utilization and DON metabolism. J. Anim. Feed Sci. 2004, 13, 539–556.
[CrossRef]

21. Döll, S.; Dänicke, S.; Ueberschär, K.H.; Valenta, H.; Schnurrbusch, U.; Ganter, M.; Klobasa, F.; Flachowsky, G.
Effects of graded levels of Fusarium toxin contaminated maize in diets for female weaned piglets.
Arch. Anim. Nutr. 2003, 57, 311–334. [CrossRef]

22. Goyarts, T.; Dänicke, S. Bioavailability of the Fusarium toxin deoxynivalenol (DON) from naturally
contaminated wheat for the pig. Toxicol. Lett. 2006, 163, 171–182. [CrossRef] [PubMed]

23. Lásztity, R.; Bata, Á.; Palyusyk, M. Investigation of the distribution of zearalenone and its metabolites in the
pigs fed with feed contaminated by zearalenone. Period. Polytech. Chem. Eng. 1989, 33, 203–209.

24. Wallin, S.; Gambacorta, L.; Kotova, N.; Lemming, E.W.; Nälsén, C.; Solfrizzo, M.; Olsen, M. Biomonitoring
of concurrent mycotoxin exposure among adults in Sweden through urinary multi-biomarker analysis.
Food Chem. Toxicol. 2015, 83, 133–139. [CrossRef] [PubMed]

25. Solfrizzo, M.; Gambacorta, L.; Visconti, A. Assessment of Multi-Mycotoxin Exposure in Southern Italy by
Urinary Multi-Biomarker Determination. Toxins 2014, 6, 523–538. [CrossRef]

26. Mazzachi, B.C.; Peake, M.J.; Ehrhardt, V. Reference range and method comparison studies for enzymatic and
Jaffé creatinine assays in plasma and serum and early morning urine. Clin. Lab. 2000, 46, 53–55. [PubMed]

27. European Food Safety Authority (EFSA). Management of left-censored data in dietary exposure assessment
of chemical substances. EFSA J. 2010, 8, 1557.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

145





toxins

Review

In-Vitro Cell Culture for Efficient Assessment of
Mycotoxin Exposure, Toxicity and Risk Mitigation

Ran Xu 1, Niel A. Karrow 1,*, Umesh K. Shandilya 1, Lv-hui Sun 2 and Haruki Kitazawa 3,4

1 Department of Animal Biosciences, University of Guelph, Guelph, ON N1G 2W1, Canada;
rxu02@uoguelph.ca (R.X.); ushand@uoguelph.ca (U.K.S.)

2 Department of Animal Nutrition and Feed Science, College of Animal Science and Technology,
Huazhong Agricultural University, Wuhan 430070, China; lvhuisun@mail.hzau.edu.cn

3 Food and Feed Immunology Group, Laboratory of Animal Products Chemistry, Graduate School of
Agricultural Science, Tohoku University, Sendai 980-8572, Japan; haruki.kitazawa.c7@tohoku.ac.jp

4 Livestock Immunology Unit, International Education and Research Center for Food and Agricultural
Immunology (CFAI), Graduate School of Agricultural Science, Tohoku University, Sendai 980-8572, Japan

* Correspondence: nkarrow@uoguelph.ca; Tel.: +1-519-824-4120 (ext. 53646)

Received: 11 February 2020; Accepted: 25 February 2020; Published: 27 February 2020

Abstract: Mycotoxins are toxic secondary fungal metabolites that commonly contaminate crops and
food by-products and thus, animal feed. Ingestion of mycotoxins can lead to mycotoxicosis in both
animals and humans, and at subclinical concentrations may affect animal production and adulterate
feed and animal by-products. Mycotoxicity mechanisms of action (MOA) are largely unknown,
and co-contamination, which is often the case, raises the likelihood of mycotoxin interactions.
Mitigation strategies for reducing the risk of mycotoxicity are diverse and may not necessarily
provide protection against all mycotoxins. These factors, as well as the species-specific risk of toxicity,
collectively make an assessment of exposure, toxicity, and risk mitigation very challenging and costly;
thus, in-vitro cell culture models provide a useful tool for their initial assessment. Since ingestion is
the most common route of mycotoxin exposure, the intestinal epithelial barrier comprised of epithelial
cells (IECs) and immune cells such as macrophages, represents ground zero where mycotoxins are
absorbed, biotransformed, and elicit toxicity. This article aims to review different in-vitro IEC or
co-culture models that can be used for assessing mycotoxin exposure, toxicity, and risk mitigation,
and their suitability and limitations for the safety assessment of animal foods and food by-products.

Keywords: mycotoxins; in-vitro cell culture; toxicity assessment and mitigation

Key Contribution: This article reviews previous studies assessing Fusarium and Penicillium mycotoxin
exposure, toxicity, and risk mitigation using a range of intestinal epithelial cell (IEC) and immune cell
models cultured in different systems that can be used as efficient in vitro models of in vivo intestinal
barrier microenvironment, considering their suitability and limitations.

1. Introduction

Mycotoxins are toxic secondary metabolites produced by filamentous fungi that predominantly
belong to species from the Aspergillus, Fusarium, and Penicillium genera. Over 500 different classes of
mycotoxins have been discovered, many of which have unknown mechanisms of action (MOA) [1].
Ingestion of mycotoxins can lead to mycotoxicosis in both animals and humans, and at subclinical
concentrations may affect animal production and adulterate food animal by-products. These toxic
compounds of global concern are commonly detected as contaminants in a variety of commodities of
plant origin, especially cereal grains, and are therefore often detected in animal feeds. Mycotoxins
can also be found in animal-derived products such as meat, eggs, milk, and milk derivatives due to
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their carry-over from animals that have consumed contaminated feeds [2–4]. Natural co-occurrence
of mycotoxins with potential additive, antagonistic, or synergistic effects more commonly occurs in
foods and feeds than single mycotoxin contaminants [5]. Mycotoxins inflict high annual economic
losses worldwide due to condemned agricultural commodities as well as reduced animal and human
health [6]. Weather conditions associated with climate change have been predicted to favor more
fungal contamination of foods and feeds as temperature and moisture are major factors influencing
fungal growth and mycotoxin production [2,7]. Global trade of food and feed commodities contributes
to the worldwide dispersal of mycotoxins [5].

A wealth of toxicity and mechanistic studies have been conducted on mycotoxins at the cellular
level using kidney cells and blood lymphocytes [5,8], as well as animal performance studies [9].
However, the effects of mycotoxins on the intestine should be more thoroughly considered and
assessed for the following reasons. Firstly, the intestinal epithelium is the initial site of exposure
following the ingestion of mycotoxins and the first physical barrier that limits their entry into the
animal [10]; damage to this barrier could also facilitate entry of luminal microbes, antigens, and other
food contaminants. Secondly, the intestinal mucosa possesses the largest single compartment of the
immune system underlying the epithelial lining [11]. Collectively, the gut-associated lymphoid system
and intestinal epithelial cells (IECs) forming the intestinal barrier cross-talk with each other to maintain
homeostasis of both the intestine and the immune system to elicit an appropriate immune response
during microbial infection and to repair damaged tissues [10,12–15]. Mycotoxin exposure could render
this important immunological barrier dysfunctional and this, combined with disrupted physical barrier
function, could increase host susceptibility to disease. Thirdly, IECs are equipped with metabolizing
enzymes and protein pumps that regulate absorption and biotransformation of xenobiotics as well
as the possible efflux of metabolites back to the intestinal lumen. Mycotoxins may be able to alter
the expression and activity of IEC proteins involved in absorption, efflux, and biotransformation [16],
which could compromise their ability to regulate the bioavailability of other xenobiotics and nutrients.
A fourth reason is that IECs may be repeatedly exposed to high concentrations of mycotoxins,
which could increase the likelihood of impairment to the intestinal barrier function [17,18]. Specifically,
after absorption by IECs, mycotoxins such as Ochratoxin A (OTA) and zearalenone (ZEA) could
be returned to intestinal lumen either by IECs through efflux proteins, or via bile after undergoing
entero-hepatic circulation [10,16,19,20]. This recirculation could result in the reabsorption of mycotoxins
and prolonged exposure of IECs at the intestinal barrier, which could increase the risk of mycotoxins
interacting with each other and other xenobiotics [5,21]. A fifth reason is that IECs undergo continuous
renewal in order to maintain barrier function, and a number of mycotoxins are known to inhibit protein
synthesis [22,23], which could impair the renewal process. A sixth reason is a potential interaction
between mycotoxins and gut microbiota. Rumen and intestinal microflora are able to metabolically
inactivate certain mycotoxins [9,24], however, some mycotoxins that exhibit antimicrobial activity may
reduce detoxification efficiency [25–27]. Since the intestinal microbiota also contributes to intestinal
barrier function, immune system development, and mediates the production of neurotransmitters
associated with brain function [28–30], disrupted intestinal microbial populations could also potentially
impair gut–immune and gut–brain communication.

The effects of various mycotoxins on the intestinal mucosal components have been studied both
in-vivo and in-vitro. Since in-vitro cell culture models provide a cost-effective and high throughput
means for the initial screening and assessment of mycotoxins, and mitigation approaches, this review
will provide a summary of in vitro studies that have been carried out on individual and combined
mycotoxins acting on the intestinal epithelial and gut immunological barrier using IEC and immune
cell models, and explore different in-vitro IEC or co-culture models and their suitability and limitations
for assessing mycotoxin exposure. The mycotoxins most commonly addressed in this review include
deoxynivalenol (DON), ZEA, aflatoxin B1 (AFB1), citrinin (CIT), OTA, and mycophenolic acid (MPA) in
terms of their prevalence, toxicity, and occurrence of pre- and post-harvest in animal feeds. The review
also summarizes the in-vitro assessment of mycotoxin detoxifying agents (i.e. mycotoxin binders
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and modifiers) as feed additives that are widely used in the animal feed industry to mitigate the
risk of exposure. Lastly, this review points out the need for co-culture models that are better able to
more physiologically and immunologically reflect the intestinal mucosa to better assess the effects of
mycotoxins on the intestine.

2. Mycotoxins

Mycotoxins are structurally diverse low-molecular-weight metabolites that are chemically and
thermally stable [10,31]. The three most predominant mycotoxin-producing fungi species Aspergillus,
Fusarium, and Penicillium can be classified as either field (Fusarium spp. ) or storage fungi (Aspergillus spp.
and Penicillium spp.) [32]; field fungi produce mycotoxins (DON and ZEA) prior to harvest [33,34],
while storage fungi initially colonize plants prior to harvest and continue to grow and produce
mycotoxins (AFB1, CIT, OTA, and MPA) under improper grain and silage storage conditions that favor
fungal development and mycotoxin production [33,35–37].

DON is one of the most commonly detected mycotoxins in cereal crops such as wheat, corn, barley,
and rye [38]. Various organ systems can be the targets of DON. Ingestion, for example, causes nausea
and vomiting through interactions with the neural dopaminergic system; because of this, DON is also
referred to as vomitoxin [39–41]. The immune system is another target for DON; at high concentrations,
DON is an immunosuppressant, whereas, at lower concentrations, DON may stimulate the immune
system [39,42]. DON also induces caspase-mediated apoptosis via activation of MAPK signaling
pathways [39]. One MOA of DON includes disruption of protein translation via binding to the 60S
ribosomal subunit of peptidyl transferase [43].

ZEA is another major mycotoxin produced by various Fusarium species. ZEA is classified
as an estrogenic mycotoxin because it resembles human 17β-estradiol and binds to and activates
estrogen receptors expressed mainly within the reproductive system. ZEA has been shown to also
be immunotoxic, hepatotoxic, hematotoxic, and genotoxic, which may be partially attributed to ZEA
contributing to oxidative DNA damage and cellular apoptosis induced by the production of reactive
oxygen species [44–49].

Aflatoxins are produced mainly by species of Aspergillus flavus and Aspergillus parasiticus [50].
AFB1 is the most potent member of the aflatoxin family based on its well-characterized carcinogenicity
leading to hepatocellular carcinoma in both humans and animals [51]. It also causes malnutrition,
suppresses growth, and modulates immune function [52]. The formation of DNA adducts and the
ability to cause oxidative damage might contribute to AFB1 cytotoxicity and carcinogenicity [53].

CIT is produced predominantly by Penicillium spp. [38]. Several species of Aspergillus and
Monascus are also producers of CIT [36,38]. CIT naturally contaminates a variety of foods and feeds
such as nuts, grains, barley, wheat, and corn, mainly during storage [6], and has been shown to be
nephrotoxic in all tested animal species [38]. CIT genotoxicity is controversial, showing both positive
and negative results using various in-vitro systems [54–56].

OTA is produced by Penicillium spp. and various Aspergillus spp., and it is the most prominent
among the family of ochratoxins [57]. OTA has been found to contaminate cereals and cereal
by-products such as wheat, rye and barley [10,38], and has been detected in animal products
including pork and milk [58]. OTA is a nephrotoxin to all animal species including humans [3,59–61].
OTA has also been shown to be a teratogen, hepatotoxin, immunosuppressant, and carcinogen in
various animal species including humans [62,63]. The number of MOAs by which OTA interferes
with cellular functions has been determined. OTA inhibits protein synthesis through inhibiting
phenylalanyl-tRNA synthetase, thus phenylalanine metabolism. Mitochondria are also targeted
by OTA through inhibiting ATP production and inducing the production of reactive oxygen and
nitrogen species. OTA also disrupts cell-cycle progression by targeting the cyclin–CDK system,
disrupting mitosis, and causing chromosomal instability [64–70]. Lastly, OTA can also induce DNA
adducts, particularly deoxyguanosine (dG) adducts [67,71,72].
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The mycotoxin MPA is produced by Penicillium roqueforti fungi, which is a main silage spoiler and
the most prevalent post-harvest fungi found in forage silages due to its capacity to grow in low-oxygen
and high carbon dioxide as well as acidic and cold environmental conditions [37,73–78]. MPA is
one of the “emerging” mycotoxins that are being detected in feedstuffs. It is frequently detected in
forages, particularly silage [79]. MPA is able to inhibit B and T lymphocyte proliferation and inhibit
the production of cytotoxic T cells [80,81]. MPA also exhibits antibacterial, antifungal, antitumor,
and antiviral properties [80,82]. However, MPA’s immunosuppressive properties may increase the
susceptibility of exposed animals to infectious diseases and sensitivity to other mycotoxins [83],
and MPA’s antimicrobial properties could disrupt the normal function of the microflora in ruminants,
including the detoxication of other Penicillium mycotoxins [84,85]

3. The Intestinal Barrier

3.1. Physical Barrier

The intestine forms a physical barrier between the microbial-rich luminal environment and sterile
internal host tissues [86]. This selectively permeable barrier allows for the exchange of nutrients and
antigens, while preventing the penetration of opportunistic commensal and pathogenic microorganisms
and their toxins into host tissues [87,88]. The intestinal barrier consists of an external “physical” barrier
mainly formed by mucous-coated IECs, and an underlying functional “immunological” barrier [13,89].
Collectively, these barriers communicate and interact with each other to maintain intestinal barrier
function and optimize the outcome of the host defense against microbial infection [13,89].

The intestinal physical barrier is made up of a variety of polarized IECs. Five major specialized
mucosal IEC lineages have been found to differentiate from multipotential stem cells located at the
base of the intestinal crypts of Lieberkühn; these include enterocytes, which are the most abundant
IECs [13,90], goblet cells, enteroendocrine cells, Paneth cells, and microfold (M) cells. These specialized
IECs reside in different proportions at different locations along the epithelium and carry out different
functions. Goblet cells contribute to intestinal physical barrier function by secreting mucus containing
mucin proteins; these mucins help prevent attachment of commensal and pathogenic bacteria to the
intestinal epithelium [91]. Intercellular junctions, including tight junctions (TJs) and adhesion molecules,
connect adjacent IECs to maintain physical barrier function. The TJs are the major functional elements
that seal the paracellular spaces; thus, they play a key role in regulating the flow of ions and small
molecules and in preventing fluid leaking between the lumen and underlying tissues [92,93]. TJs are
composed of transmembrane proteins and cytoplasmic scaffold proteins. The transmembrane proteins,
whose extracellular domains horizontally cross the plasma membrane of adjacent cells, including
occludin (OCLN), the claudin protein family (CLDNs), and the junctional adhesion molecules marvel
D3, and tricellulin [92]. The cytoplasmic scaffold proteins are intracellular TJs that link the actin
cytoskeleton to transmembrane TJs, and the zonula occludin proteins (ZOs) are an important group [92].

Commensal microbiota residing within the intestine can also contribute to the intestinal
barrier function by competitively excluding attachment sites and nutrients from pathogenic
microorganisms [13]. The commensal barrier is beyond the scope of this review; however, it is
worth noting that commensal microorganisms can become opportunistic pathogens when the intestinal
barrier function is compromised [94,95].

3.2. Immunological Barrier

3.2.1. IECs and Intraepithelial Lymphocytes (IELs)

The intestine also possesses a functional innate and acquired immunological barrier that provides
localized defense when potentially harmful luminal microorganisms, or their toxins, penetrate the host
epithelial barrier. In addition to their physical barrier function discussed above, differentially specialized
IECs are an important component of the host innate immune system and are considered the first line
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of defense provided by the immunological barrier [96]. Paneth cells, for example, are specialized
secretory cells that produce large amounts of antimicrobial peptides and proteins such as β-defensins
and cathelicidin, and antimicrobial enzymes such as lysozyme [96,97]. Enterocytes, in addition to
their specialized role in digestion and nutrient absorption, can also serve as luminal sensors for the
immune system since they possess large numbers of pattern-recognition receptors (PRRs) that are
expressed both on the cell surface and within the cell. These PRRs recognize conserved structure
molecules displayed on the surface of bacteria, fungi, parasites, and viruses that are referred to as
pathogen-associated molecular patterns [13,15,98]. Membrane PRRs include the Toll-like receptors
(TLRs), and cytoplasmic PRRs include the NOD-like receptors such as NOD1 and NOD2 [99,100].
In addition to producing mucus, goblet cells also have the capacity to take up luminal material and
present antigens to dendritic cells in the lamina propria [91,101,102].

Interspersed amongst the IECs lining the epithelium are highly abundant long-living intraepithelial
lymphocytes (IELs); the estimated IEL to IEC ratio in the human small intestine is 1:10 [103]. These motile
cells have diverse lineages, but the majority can be broadly classified as either “unconventional”
IELs that contribute to the innate immunological barrier, or “conventional” IELs that contribute
to the acquired immunological barrier. Regardless of the lineage, IELs possess cytotoxic and
immunoregulatory properties that are key to regulating homeostatic crosstalk between the innate
and acquired immunological barriers and commensal microbiota, and their dysfunction has been
implicated in gastrointestinal disease [104].

3.2.2. Lamina Propria

The subepithelial lamina propria is the site were effector immune cells of the intestinal immune
system can be found [105], these include numerous innate immune cells such as macrophages (M∅)
and innate lymphoid cells (ILCs) and the acquired immune lymphoid B and T cells [105]. The intestine
is known to represent the largest pool of tissue M∅ in the body [106,107]. These M∅ are innate immune
effectors with potent phagocytic and bactericidal activities [11,96,108], but unlike other macrophage
populations, they inflict minimal inflammatory collateral tissue damage [13,96]. This distinct property
could be ascribed to high expression of phagocytosis-promoting genes such as Mertk, Cd206, Gas6,
Axl, Cd36, Itgav, and Itgb5 [109,110], as well as low or lack of expression of receptors associated with
innate immune activation, such as receptors for LPS (CD14), Fcα (CD89), Fcγ (CD64, CD32, and CD16),
CR3 (CD11b/CD18), and CR4 (CD11c/CD18) [108]. This special functional adaption of resident intestinal
M∅ allows them to maintain local tissue homeostasis in part by preventing excessive immune reactions
to commensal microbiota and food antigens that might otherwise elicit chronic inflammation and
tissue damage [111]. Resident intestinal M∅ also efficiently remove apoptotic cells and foreign debris
and contribute to the repair and remodeling of damaged tissues [112,113]. Collectively, these unique
properties ascribe intestinal M∅ to the maintenance of intestinal homeostasis [112,113].

In addition to M∅, a large population of ILCs is also located within lamina propria [114]. This mixed
population of ILCs can be classified based on their cytokines and transcription factors, including natural
killer cells, ILC1, ILC2, or ILC3 [115–118]; respectively, these ILCs are phenotypically and functionally
similar to the T helper (TH) cell subpopulations TH1, TH2, and TH17 [114]. These ILCs have cytotoxic and
immunoregulatory properties that allow them to rapidly respond to and orchestrate the host response
against gastrointestinal threats and also maintain epithelial integrity and tissue homeostasis [119].

A number of acquired lymphoid cell populations are also found within the subepithelial lamina
propria. Both conventional CD4+ and CD8+ T cells are found and they perform immunoregulatory
and cytotoxic activities, respectively [105,120,121]. Immunoglobulin (IgA)-producing B1 cells are
also present [105]; the IgA antibodies produced by their differentiated plasma cells are selectively
transported across the epithelium into the intestinal lumen where it helps to prevent microbial invasion
by decreasing their motility and adhesion to the surface of the epithelium [122,123].

151



Toxins 2020, 12, 146

3.2.3. Gut-Associated Lymphoid Tissue (GALT) and Mesenteric Lymph Nodes (MLNs)

A series of events must occur in order for the above-mentioned acquired lymphoid cells to become
activated and drive an acquired immune response. M cells must sample and transfer luminal antigens
and intact microorganisms to underlying M∅ and dendritic cells, which then migrate the Peyer’s
patches (PP) of the gut-associated lymphoid tissues (GALT) and/or draining mesenteric lymph nodes
(MLN) where they convene with TH cells to carry out antigen presentation. Although the events are less
well characterized in the PP than MLN, it is believed they are analogous [124]; in short, antigen-specific
TH cells become activated during antigen presentation, and then can assist with the activation of
antigen-specific B cells, which clonally expand within germinal centers and differentiate into IgA
secreting plasma cells.

3.3. Cross-Talk between IECs and Immune Cells

Bidirectional communication between IECs and immune cells facilitates protection from microbial
invasion, tissue homeostasis, and repair. This cross-talk is mediated in part by secreted cytokines [12–15],
many of which are commonly produced by immune cells and IECs [10,14]. Some of these cytokines
include TGF-α, IL-1, IL-10, IL-15, IL-8, IL-1α, and β, IL-6, TNF-α, MCP-1, CCL20, and GM-CSF [14,125].
IECs also possess receptors for various cytokines, which allows them to respond to immune cell signals.
For example, it has been reported that goblet cell mucus production and properties can be directly
affected by IL-10 produced by M∅ and T-cells within the lamina propria [126]. The expression of IEC TJ
proteins can also be inhibited by TNF-α, IFN-γ, and the interleukins IL-2, IL-4, and IL-8, which results
in increased gut paracellular permeability [127]. Also, the binding of IL-1 to its receptor on IECs
amplifies the secretion of IEC pro-inflammatory cytokines [128].

4. In-vitro Intestinal Epithelial Barrier Models

Although primary cells are most biologically and physiologically similar to the gastrointestinal
epithelial barrier, their short-life span and rapid loss of differentiated characteristics limit their use
for in vitro studies [129,130]. Instead, immortalized cell lines of animal and human origin including
Caco-2, IPEC-1, and IPEC-J2 IECs have been extensively utilized as in vitro models of the intestinal
epithelium to study the effects of mycotoxins on intestinal barrier function. These cell lines have
been used at various differentiation states, proliferative versus differentiated, for example, to simulate
different intestinal microenvironments [131,132]. Undifferentiated IECs present as a tumorigenic
phenotype and do not display cell polarity [131,133]; they also appear similar to dividing cells in tissue
undergoing regeneration or repair after damage [132,134]. In contrast, differentiated cells mimic the
mature small intestinal barrier in that they have defined epithelial characteristics such as TJs and
microvilli, which are lacking in undifferentiated cells [135].

4.1. Caco-2

Human Caco-2 cells have been the most widely used IEC line in recent decades [136]; Caco-2 is
a cancer-derived cell line originally isolated from a human colon adenocarcinoma [137]. However,
once differentiated after 18–21 days of culture post-confluence, they become a homogenously polarized
monolayer of enterocyte-like cells with apical and basolateral membranes, a brush border with
microvilli and TJs [138–141]. Caco-2 cells have also been shown to express TLRs and produce various
cytokines [140,142].

4.2. IPEC-1 and IPEC-J2

IPEC-1 and IPEC-J2 are two other IEC lines that have been used as in vitro models of the intestinal
barrier. Both IPEC lines were derived from the porcine small intestine. IPECs are spontaneously
immortalized non-transformed and non-carcinoma cell lines, established from normal IECs [143,144].
IPEC-1 was derived from the jejunum and ileum of piglets less than 12 hours old. The IPEC-J2 cell line
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was originally isolated from the jejunum of neonatal unsuckled pigs [139,143,145]. Both IPECs are able
to spontaneously differentiate into multiple IEC types [139], and a continuous polarized monolayer and
TJ structure can be formed after differentiation [144]. Compared to Caco-2, the IPEC-1 and IPEC-J2 IECs
attain a homogenous appearance and express various differentiation markers within a shorter period of
time; within 10 days and 1–2 weeks of culturing post-confluence, respectively [143,146], and the IPEC-J2
line is more morphologically and functionally differentiated than the IPEC-1 line [144]. Since the pig
intestine closely resembles the human intestine genetically and physiologically, IPECs have been used
to model the human intestinal barrier [129,144].

4.3. In-vitro Cell Culture Systems

In vitro models of the intestinal epithelial barrier have traditionally consisted of one-dimensional
(1D) monolayers grown on the surface of culture vessels. With this 1D culture system, functional IEC
characteristics, such as cell polarity, are not well defined [147], and misleading results can possibly
be obtained. Alternatively, a two-dimensional (2D) monoculture system can be achieved by growing
IECs on microporous permeable membrane supports [148,149]; this system structurally mimics
the apical and basolateral sides of the intestine and leads to the development of polarized IECs.
Most reviewed cytotoxicity studies (Table 1) have been conducted using a 1D monoculture system
and the 2D monoculture system has been extensively applied to study the effects of mycotoxins
on intestinal barrier function parameters such as transepithelial electrical resistance (TEER) and TJ
protein expression.

More complex 1D and 2D co-culture systems that are more physically and functionally similar to
the intestinal barrier have also been established. These co-culture systems involve cultivating more
than one cell type together within one culture system [129,150,151]. The IEC + immune cell co-culture
system involving permeable membrane supports is one such established 2D co-culture model [140].

Table 1. Summary of effects of individual mycotoxins on intestinal epithelial cell (IEC) viability.

Mycotoxin IEC model
Exposure
Duration

Tested Exposure
Concentration

Cytotoxicity Assay LC50/Effective Concentration (ECs) References

DON
Caco-2

(differentiated) 24 h 0, 1.39, 4.17, 12.5, 37.5 μM LDH release EC: 37.5 μM [152]

Caco-2 48 h 0, 0.05, 0.1, 0.3, 0.5, 1, 3, 5,
10 μM

Luminescent Cell
Viability Assay LC50 =1.3 uM; EC: 0.5–10μM [153]

Caco-2
24 h 0, 0.25, 1, 2.5, 5, 10 μM MTS Assay LC50 = 10 μM

[154]Neutral Red LC50 = 3.7 μM

72 h 0, 0.25, 1, 2.5, 5, 10 μM MTS Assay LC50 = 4.3 μM

Neutral Red LC50 = 3.7 μM

Caco-2
(differentiated)

24 h 0, 0.25, 1, 2.5, 5, 10 μM MTS Assay LC50 > 10 μM

[154]Neutral Red LC50 > 10 μM

72 h 0, 0.25, 1, 2.5, 5, 10 μM MTS Assay LC50 > 10 μM

Neutral Red LC50 > 10 μM

Caco-2 72 h 1–150 μM Neutral Red LC50 = 21.5 μM; EC: 10 μM [155]
MTT Assay LC50 = 25 μM; EC: 10 μM

Caco-2
24 h

0, 0.001, 0.01, 0.1, 1, 10, 25,
50, 100 μM CCK-8

LC50 = 21.94 μM
[156]48 h LC50 = 9.39 μM

72 h LC50 = 6.18 μM

IPEC-1
24 h

0, 0.34, 0.67, 1.7, 3.4, 6.7
10.2, 13.4 μM

MTT Assay
EC: 1.7, 3.4, 10.2, 13.4 μM

[143]

48 h EC: 0.34 μM; 1.7–13.4 μM

72 h EC: 0.34 μM; 1.7- 13.4 μM

IPEC-1 (in
serum-free

media)

24 h
0, 0.67, 6.7 μM LDH release

NA

48 h EC: 6.7 μM

72 h EC: 6.7 μM

IPEC-1 (in
complete media)

24 h
0, 0.67, 6.7 μM Neutral Red

EC: 0.67, 6.7 μM

48 h EC: 6.7 μM

72 h EC: 6.7 μM
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Table 1. Cont.

Mycotoxin IEC model
Exposure
Duration

Tested Exposure
Concentration

Cytotoxicity Assay LC50/Effective Concentration (ECs) References

IPEC-1 (in
serum-free

media)

24 h
0, 0.67, 6.7 μM Neutral Red

EC: 0.67, 6.7 μM

48 h EC: 6.7 μM

72 h EC: 6.7 μM

IPEC-J2

24 h
0, 0.34, 0.67, 1.7, 3.4, 6.7

10.2, 13.4 μM MTT Assay

EC: 0.34, 3.4, 6.7, 13.4 μM

[143]48 h EC: 1.7–13.4 μM

72 h EC: 1.7–13.4 μM

14 d 0, 0.17, 0.34, 0.67, 1.02,
1.34, 1.7 μM 0.67, 1.02, 1.34, 1.7 μM

IPEC-J2
24 h

0, 0.67, 6.7 μM LDH release
NA

[143]48 h EC: 6.7 μM

72 h NA

IPEC-J2
24 h

0, 0.67, 6.7 μM Neutral Red
EC: 0.67, 6.7 μM

[143]48 h EC: 6.7 μM

72 h EC: 6.7 μM

IPEC-J2 (in
serum-free

media)

24 h
0, 0.67, 6.7 μM Neutral Red

EC: 0.67, 6.7 μM
[143]48 h EC: 6.7 μM

72 h EC: 6.7 μM

IPEC-J2
(basolateral)

24 h
0, 0.67, 1.7, 6.7, 13.4 μM DAPI staining

NA
[157]48 h EC: 6.7, 13.4 μM

72 h EC: 6.7, 13.4 μM

IPEC-J2 24 h 0, 0.034, 0.085, 0.17, 0.34,
0.85, 1.7, 3.4, 17, 34 μM Neutral Red EC: 0.85–34 μM [132]

IPEC-J2 72 h 0, 3.4, 8.5, 17, 25.5, 34 μM Annexin-V-FITC/ PI EC: 8.5–34 μM [158]

IPEC-J2 72 h 0, 3.4, 17, 34, 51, 67 μM Annexin-V-FITC/ PI LC50 = 10.47 μM [159]

IPEC-J2
(differentiated) 72 h 0, 3.4, 17, 34, 51, 67 μM Annexin-V-FITC/ PI LC50 = 46.9 μM [159]

IPEC-J2

6 h

0, 0.67, 6.7 μM CCK-8 Assay EC: 0.67, 6.7 μM [160]
12 h

24 h

48 h

72 h

IPEC-J2 48 h 0, 0.25, 0.5, 1, 2 μM MTT Assay LC50 = 1.83μM; EC:1–2 μM [161]

IPEC-J2 24 h 0, 0.43, 0.85, 1.7, 3.4,
6.7 μM CCK-8 Assay EC: 0.85–6.7 μM [162]

ZEA
Caco-2 72 h 1–150 μM Neutral Red LC50 = 15 μM [155]

MTT Assay LC50 = 25 μM

Caco-2
24 h

0, 0.001, 0.01, 0.1, 1, 10, 25,
50, 100 μM CCK-8

LC50 = 62.67 μM
[156]48 h LC50 = 56.96 μM

72 h LC50 = 34.36 μM

IPEC-1 24 h 0, 0.1, 1, 10, 100 μM XTT Assay EC: 100 μM [163]

IPEC-1 24 h
0, 0.1, 1, 10, 100 μM XTT Assay EC: 100 μM [164]
0, 0.1, 1, 10, 100 μM Neutral Red EC: 100 μM

IPEC-J2 48 h 0, 5, 10, 20, 40 μM MTT Assay EC: 10, 40 μM [161]

IPEC-J2 48 h 0, 15.5, 31, 62, 124, 248 μM MTT Assay LC50 = 62.1 μM;
EC: 62–248 μM [46]

IPEC-J2 72 h 0, 19.9, 39.8, 44.73, 59.7,
79.6, 99.5 μM Annexin-V-FITC/PI EC: 44.73–99.5 μM [158]

Caco-2
24 h

0, 0.032, 0.16, 0.32, 1.6,
3.2 μM

MTT Assay
EC: 3.2 μM

[165]
AFB1 48 h EC: 0.32—3.2 μM

72 h EC: 1.6–3.2 μM

Caco-2
(differentiated)

24 h
0, 0.032, 0.16, 0.32, 1.6,

3.2 μM
MTT Assay

EC: 1.6 μM
[165]48 h EC: 1.6–3.2 μM

72 h EC: 0.16–3.2 μM

Caco-2
24 h

0, 0.032, 0.16, 0.32, 1.6,
3.2 μM LDH release

EC: 1.6–3.2 μM
[165]48 h EC: 0.32–3.2 μM

72 h EC: 0.32–3.2 μM
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Table 1. Cont.

Mycotoxin IEC model
Exposure
Duration

Tested Exposure
Concentration

Cytotoxicity Assay LC50/Effective Concentration (ECs) References

Caco-2
(differentiated)

24 h
0, 0.032, 0.16, 0.32, 1.6,

3.2 μM LDH release
EC: 3.2 μM

[165]48 h EC: 0.032–3.2 μM

72 h EC: 0.032–3.2 μM

Caco-2 24 h 0, 1,3, 10, 30, 100 μM MTT Assay LC50 = 5.39 μM
EC: 1–100 μM [166]

LDH release LC50 = 10 μM
EC: 3–100 μM

Caco-2
24 h

0–100 μM Neutral Red
LC50 = 10 μM

[167]48 h LC50 = 2 μM

72 h LC50 = 0.75 μM

CIT Caco-2 48 h 0, 399.6, 999 μM Crystal Violet staining
(CVS) EC: 399.6, 999 μM [168]

HCT116 36 h 0, 75, 150, 300 μM Fluorescein diacetate
(FDA) staining LC50 = 300 μM; EC: 150- 300 μM [169]

MPA Caco-2
48 h

0, 0.0078, 0.078, 0.78, 7.8,
78, 780 μM

MTS Assay LC50 > 780 uM [75]
Caco-2

(differentiated)

OTA
Caco-2 24 h 0, 1, 3, 10, 30, 100 μM MTT Assay LC50 = 21.25 μM; EC: 1–100 μM [166]

LDH release LC50 = 16.85 μM; EC: 1–100 μM

Caco-2 24 h 1–200 μM MTT Assay LC50 = 145.36 μM [170]

5. Effects of Selected Mycotoxins on Intestinal Barrier Function

5.1. Cytotoxic Effects of Individual or Combined Mycotoxins on IECs

5.1.1. Individual Mycotoxins

The cytotoxicity of selected mycotoxins has been evaluated using various IEC models on the basis
of cell viability (Table 1) as well as proliferation at different concentrations and exposure durations.
Mycotoxin cytotoxicity is usually the first parameter to be measured, not only to evaluate the cytotoxicity,
but also to identify appropriate mycotoxin concentrations that can be used in follow-up experiments of
intestinal barrier function.

The cytotoxicity of DON on different IEC models has been the most studied among the five
reviewed mycotoxins. Results using various IEC models including Caco-2, IPEC-1, and IPEC-J2
have shown that DON induces cell death at various concentrations and under different durations of
exposure (Table 1). A wide range of DON exposure concentrations have been used, ranging from as
low as 0.0001 up to 100 μM [156].

A variety of cytotoxicity assays have been applied to assess the cell viability (Table 1)
and tetrazolium salt MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
was most widely used in the reviewed studies, which was shown to be a quick and
suitable assay to detect a wide range of mycotoxins for different cell types [171]. In order
to avoid false results, more than one cytotoxicity assay has been applied in parallel in
some studies, and both similar and discrepant results have been reported [143,154,164].
The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt (MTS), and Neutral Red (NR) assays have been reported to yield similar cell viability results
based on Caco-2 cell viability after 24 h DON exposure [154]. The authors in [164] observed similar cell
viability results from the 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2HTetrazolium-5-Carboxanilide
(XTT) and NR assays in IPEC-1 cells. However, [143] reported that the lactate dehydrogenase (LDH)
leakage assay was less sensitive to DON toxicity compared to the NR assay using both IPEC cell lines.
Interestingly, the route of application, apical versus the basolateral side of IECs, appears to influence
DON-mediate changes in cell viability, as IPEC-J2 cell viability was more significantly affected when
DON is applied to the basolateral side [157]. This differential susceptibility of apical and basolateral
surfaces of IECs to DON exposure could be attributed to their biological and functional distinctions
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such as different protein and lipid compositions [172]. It could also result from the addition of the
mucus produced by IPEC- J2 cells covering the apical side of epithelial monolayer [139] as an extra
defense line against DON exposure.

The differentiation status of cells may also influence sensitivity to DON exposure. It has been
reported that dividing IPEC-J2 and Caco-2 cells, for example, are both more susceptible to DON than
their differentiated counterparts [132,154,159]. Differentiation status is typically defined by cell culture
duration in some of the reviewed cytotoxicity studies. For example, Caco-2 cells and IPEC-J2 grown on
microplates without membrane inserts less than 4 days after seeding were considered undifferentiated,
whereas, cells cultured at least 17 days post-seeding were considered differentiated [153,154].

Cell death has been reported to be induced by DON via both apoptosis and necrosis. Caspase 3,
a marker for induction of apoptosis, was activated only at a high concentration of DON (6.7 μM) in both
IPEC-1 and IPEC-J2 cell lines indicating DON-induced apoptosis [143]. However, necrosis-induced cell
death was observed in both differentiated and undifferentiated IPEC-J2 cells after 72 h exposure to DON
(0–67 μM) and it was found that the proportion of necrotic cells was concentration-dependent [158,159].

ZEA has also been reported to have adverse effects on IPEC-1, IPEC-J2, and Caco-2 cell viability
at various concentrations after different exposure durations (Table 1). ZEA is less toxic than DON
based on viability studies performed by [156,161]. ZEA appears to induce apoptosis via mitochondrial
damage by reducing antioxidant enzyme activities; this may lead to an accumulation of ROS and
decreased mitochondrial membrane potential [46]. Necrosis-induced cell death in undifferentiated
and differentiated IPEC-J2 cells was also observed after 72 h of exposure to ZEA at 19.9–99.5 μM [158].

AFB1 induced a concentration-dependent decrease in the viability of both undifferentiated and
differentiated Caco-2 cells between 24 h and 72 h of exposure [165]. In contrast to DON, the differentiated
Caco-2 cells were found to be more susceptible to AFB1 than undifferentiated cells after 72 h of exposure,
which could be due to more metabolic and transport enzymes being expressed by the differentiated
mature enterocytes [165]. A similar concentration-dependent decrease in Caco-2 cell viability was
also observed by [166] after 24 h exposure to a range of AFB1 concentrations (0–100 μM) with LC50s
reported to be 5.39 and 6.02 μM obtained from MTT and LDH assays, respectively. AFB1 LC50s
obtained from NR assay have also been reported by [167] after Caco-2 cells were exposed to AFB1
(0–100 μM) for 24, 48, and 72 h, which were 10, 2, and 0.5 μM, respectively.

Limited results have been reported on the effects of CIT, MPA, and OTA on cell viability compared
to DON and ZEA. CIT has been reported to reduce human HCT116 colon cancer cell viability after
36 h exposure at concentrations of 150 and 300 μM, with the identified LC50 being 300 μM [169].
Authors in [168] reported that CIT exposure also resulted in a decrease in Caco-2 cell viability at
399.6 and 999 μM after 48 h exposure. Cell apoptosis was induced by CIT via endoplasmic reticulum
stress [169]. Concerning MPA, [75] reported a concentration-dependent cytotoxic effect of MPA
after 48 h exposure in both undifferentiated and differentiated Caco-2 cells, however, LC50 was not
obtained with the tested concentration range. However, based on the LC20 calculated in the study,
undifferentiated Caco-2 cells appeared to be more susceptible to MPA than differentiated cells [75].
Lastly, the cytotoxic effect of OTA was concentration-dependent, and two LC50s have been reported
for the Caco-2 cell line after 24 h of OTA exposure using MTT and LDH assays; these were 21.25 and
16.85 μM, respectively [166]. However, a significantly different OTA LC50 of 145.36 μM was recently
reported after 24 h of exposure using Caco-2 cells [170].

Mycotoxins have also been reported to affect cell cycle progression and proliferation.
The proliferation of IPEC-1 and IPEC- 2 cells have been reported to be stimulated at lower DON
concentrations or inhibited at higher concentrations [143]. For example, 0.67 μM of DON stimulated
IPEC-1 cell proliferation after 48 h exposure and stimulated the proliferation of both IPEC-1 and IPEC-J2
cells after 72 h of exposure [143]. However, it is inconclusive whether the stimulated proliferation
of IPEC cells resulted from a primary effect of DON or a secondary effect from DON-induced cell
death [157] as almost all types of epithelial cells forming monolayers are capable of undergoing
self-repair after injury by inducing cell proliferation and migration to the injured site [173].
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DON started to inhibit the proliferation of IPEC-1 cells at higher concentrations ranging from 3.4
to 6.7 μM after 48 and 72 h of exposure [143]. The same pattern of effect was also observed for IPEC-J2
cells after 72 h of exposure [143]. The route of application of DON, the apical versus the basolateral
side of IECs for example, has also been reported to influence IPEC-J2 cell proliferation. The authors
in [157] reported IPEC-J2 proliferation was more significantly stimulated when DON is applied to the
basolateral side. Selected mycotoxins other than DON, only OTA has been investigated and it inhibited
the proliferation of Caco-2–14 and HT-29-D4 cells by 50% (IC50) at 30 and 20 μM, respectively [174].

At a higher concentration of 6.7 μM, DON decreased the percentage of IPEC-J2 cells in the G0/G1
phase after 24 [160], 48, and 72 h of exposure [143,157]. The authors in [160] also observed a decrease
in the percentage of IPEC-J2 cells in the G0/G1 phase at a lower DON concentration of 0.67 μM after
6, 12, and 24 h of exposure. A prolonged IPEC-J2 cell G2/M phase was also induced by DON after
12 and 24 h [160] and 48 h of exposure at 6.7 μM [143]. However, a decrease in cell percentage in the
G2/M phase was observed by [160] after 12 h exposure of DON at a lower concentration of 0.67 μM.
A prolonged S phase in IPEC-J2 cells was also reported after 6, 12, and 24 h exposure to DON at
0.67 μM, but S phase was reduced at 6.7 μM after 12 h exposure [160].

DON also induced a reduction in the percentage of cells in the G0/G1 phase and G2/M arrest in
IPEC-1 cells after 48 and 72 h of exposure at 6.7 μM [143]. A prolonged S phase was also observed in
IPEC-1 cells by [143] after 48 h exposure of DON at 6.7 μM. The results on cell proliferation and cell
cycle distribution should be considered integrated with the interpretation of the effect of DON on cell
growth. The cell cycle shift from G0/G1 to S and G2/M phases and increase in cell proliferation [173]
induced by DON at lower concentration might indicate intestinal epithelial cells were undergoing
self-repair after DON-induced injury; whereas exposure to higher concentration of DON could have
negative impact on intestinal epithelial cell growth by inducing G2/M arrest [175] that allows the cell
to repair the DNA damage or misaligned chromosomes at the mitotic spindle [176].

5.1.2. Mycotoxin Combinations

Mycotoxin mixtures have also been explored for their effects on IEC cytotoxicity. Concerning DON
+ ZEA, one of the most prevalent mycotoxin combinations, [161] observed antagonism of DON + ZEA
mixtures on IPEC-J2 cell viability after 48 h exposure at both tested exposure combinations (2 μM DON
+ 40 μM ZEA and 0.5 μM DON + 10 μM ZEA). The authors in [177] also observed an antagonistic effect
of DON + ZEA (100 μM/ 40 μM) on HTC116 human cell viability after 24 h exposure, whereas [155],
reported that all three combinations of DON + ZEA (10/10, 10/20, and 20/10 μM) resulted in a significant
reduction in Caco-2 cell viability compared to individual mycotoxins. With the combination of 10 μM
DON + 10 μM ZEA, [164] also observed that the mixtures of ZEA and DON elicited synergistic effects
on Caco-2 cell lipid peroxidation and antagonistic effects on DNA synthesis. Lastly, the viability of
THP-1 immune cells in a Caco-2 + THP-1 co-culture model was decreased after 48 h exposure to DON
+ ZEA mixture (LC30/LC30, which was not specified in the article) [151].

5.2. Mycotoxins and Intestinal Permeability

Intestinal permeability is one of the key features reflecting the ability of the intestine to function
as the barrier [178]. TEER is commonly used to assess IEC permeability in vitro, and a reduction in
TEER has been used as an indicator of mycotoxin-induced epithelial damage [152]. Non-cytotoxic
concentrations of tested mycotoxins were usually chosen for TEER studies in the reviewed studies to
eliminate the effect of uncontrolled cell death on a reduction in TEER [179].

Paracellular tracer flux assays are often applied following the measurement of TEER to
investigate if the potential cause of the observed decrease in TEER is increased intestinal epithelial
paracellular permeability. The most commonly applied in vitro paracellular markers include
fluorescence compounds (e.g., lucifer yellow, LY), or fluorescent-labeled compounds such as fluorescein
isothiocyanate (FITC)-dextran and FITC-insulin [180]. As TJs are the major functional components to
regulate the paracellular pathway [181], the assessment of TJs at both gene and protein levels can also

157



Toxins 2020, 12, 146

be performed to further investigate the mechanism by which compromised intestinal barrier function
is induced by mycotoxins.

5.2.1. Measurement of Transepithelial Electrical Resistance (TEER)

The impact of DON on TEER has been extensively studied using various in vitro intestinal models.
DON decreases TEER values in both concentration- and time-dependent manners regardless of in vitro
models used [152,157,182]. The lowest DON concentration that reduced Caco-2 cell TEER values was
0.17 μM after 24 h exposure [183]. A decrease in Caco-2 TEER measurements has also been observed in
a Caco-2+ THP-1 co-culture model after 48 h exposure to DON at LC10 and LC30 [151]. In addition
to concentration and exposure duration, DON-mediated changes in TEER also depend on cell type.
It has been reported that DON reduced IPEC-1 cell TEER measurements more significantly than Caco-2
cells, indicating that IPEC-1 cells are more susceptible to DON exposure [184]. The route of DON
application can also affect TEER readings, as it has been reported that the decrease in Caco-2 and
IPEC-J2 cell TEER measurements was more pronounced when DON was applied to the basolateral
side compared to the apical exposure of DON [143,152]. The authors in [151] reported a decrease in
Caco-2 cell TEER readings in a Caco-2 + THP-1 co-culture model after 48 h exposure to both ZEA at
LC10 and LC30 (LC10 and LC30 not specified in the article). In a monoculture system, [164] observed
that ZEA reduced TEER readings at a concentration of 50 μM over 10 days of exposure duration.

The impact of other mycotoxins on IEC TEER measurements has been less well studied than
DON. A decrease in TEER was induced by OTA in Caco-2 and HT-29-D2 cell models [166,174,185,186].
The route of application of OTA can affect TEER readings, as it has been reported that the decrease
in HT-29-D2 TEER measurements was more significant and rapid when OTA was applied to the
basolateral side compared to the apical exposure of OTA [174]. However, [185] observed the equal toxic
effect of OTA on Caco-2 cell TEER measurement on both apical and basolateral exposure. The authors
in [186] reported that TEER decrease in Cacao-2/TC7, a clonal derivative of parental Caco-2 cells
induced by 48 h exposure to OTA at a concentration up to 200 μM was reversible and the TEER value
was fully recovered within 24 h after mycotoxin exposure cessation. AFB1 at 100 μM also decreased
the TEER values in Caco-2 cells after 7 days of exposure [166]. Lastly, MPA has also been reported to
induce decreased TEER in the Caco-2 cell model after 21 days of continuous exposure at the highest
concentration of 190 μM [75].

There are limited data on the effects of mycotoxin mixtures on IEC TEER measurements. Caco-2
cell TEER measurements in the co-culture model were reported to decrease after 48 h exposure to DON
+ ZEA mixture of two different ratios (LC10/LC10 and LC30/LC30), respectively (LC10 and LC30 were
not specified in the article) [151].

Although TEER values that have been reported in the literature have been corrected for the surface
area of the membrane inserts used and is typically reported in units of Ω *cm2 [187], other factors that
may have impact on TEER measurements should also be considered for purpose of interlaboratory
comparisons, including temperature, cell passage number, the composition of cell culture medium,
and duration of cell culture [188].

5.2.2. Assessment of the Expression of TJ Proteins

DON exposure has been reported to induce alterations in the expression of TJs at both gene and
protein levels in various in vitro IEC models and contradictory effects have been reported (Table 2).
Up-regulation of gene expression has been often observed, whereas a decrease in protein expression
has been reported (Table 2). The reduction in protein levels associated with the rise in mRNA levels
could indicate a compensatory mechanism in place for repair [183,189]. The inconsistent findings
emphasize that analyses of mRNA and protein expression should be performed in parallel since the
mRNA level does not necessarily predict the amount of protein [190,191].
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Table 2. Summary of effects of selected mycotoxins on tight junction gene and protein expression.

Mycotoxins IEC model
Exposure
Duration

Exposure
Concentration

Effects of Selected Mycotoxins on Gene and Protein Expression of TJs
References

Gene Expression Protein Expression

DON Caco-2 24 h 0, 1.39, 4.17, 12.5 μM Increase in CLDN1, CLDN3,
CLDN4, OCLN, ZO-1 Decrease in CLDN1, CLDN3, CLDN4 [152]

Caco-2 24 h 0, 0.17, 1.7, 17 μM Increase in CLDN4, OCLN Decrease in CLDN4 [183]

Caco-2 48 h 0, 5, 10, 20, 50, 100 μM N/A Decrease in CLDN4 [184]

IPEC-1 48 h 0, 5, 10, 20, 50 μM N/A Decrease CLDN3, CLDN4 [184]

IPEC-1 48 h 0.67, 6.7 μM N/A Decrease in ZO-1 [143]

IPEC-J2 48 h 0.67, 6.7 μM N/A Decrease in ZO-1 [143]

IPEC-J2 12 h 0, 4 μM Decrease in CLDN3; increase
CLDN4, OCLN, ZO-1 Decrease CLDN3, CLDN4 [189]

AFB1 Caco-2 7 days 0, 1,3, 10, 30 μM Decrease in CLDN3, OCLN N/A [166]

OTA Caco-2 24 h 0, 100 μM N/A Decrease in CLDN3 and CLDN4 [185]

Caco-2 24 h 0, 100 μM N/A Decrease in CLDN3 and CLDN4 [192]

Caco-2 7 days 1, 3, 10, 30 μM Decrease in CLDN3, CLDN4
and OCLN N/A [166]

In contrast to DON exposure, [166] observed a decrease in mRNA expression of CLDN3 and
OCLN in Caco-2 cells after AFB1 exposure (0–30 μM), but no changes in CLDN4 mRNA expression
was observed. OTA exposure decreased in Caco-2 cell mRNA expression of CLDN3, CLDN4,
and OCLN [166]. This inhibitory effect at the transcription level could be explained by its ability to
form DNA adducts [67,71,72]. A decrease in protein expression of CLDN3 and CLDN4 has also been
reported [185,192].

5.2.3. Measurement of Flux of Paracellular Markers

DON induced a dose-dependent increase in the apical to basolateral transport of fluorescence
compounds LY and 4 kDa FITC-dextran in Caco-2, IPEC-1 and IPEC-J2 cell lines [152,189,193].
The results on the paracellular passage of 4 kDa FITC–dextran also indicated that IPEC-1 exhibited
more sensitivity to DON than Caco-2 cells [184].

It has also been reported that OTA did not affect IEC permeability to 20 and 40 kDa
FITC-dextran [194], indicating that the intestinal epithelial cells still partially retain their barrier
function during OTA exposure, and that larger molecules are selectively excluded, which is also in
agreement with DON exposure.

5.3. Effects of Mycotoxins on Translocation of Intestinal Microorganisms

In addition to increased intestinal permeability and dysfunctional mucosal immune
system, impaired intestinal barrier function is also associated with translocation of luminal
antigens [92,178,195,196], which is another endpoint that has been used to investigate the effects
of mycotoxins on the intestinal barrier. In vitro studies have shown that DON promoted transepithelial
passage and invasion of Salmonella typhimurium in both differentiated and undifferentiated IPEC-J2 cells;
the increased transepithelial passage of S. typhimurium was concentration-dependent [132]. DON also
increased the transepithelial passage of Escherichia coli in IPEC-1 and IPEC-J2 cells [184,189]. MPA did
not promote non-invasive E. coli to cross the intestinal epithelium in an in vitro study with Caco-2
cells [75].

6. Effect of Selected Mycotoxins on the Intestinal Immune System

Selected mycotoxins also have cytotoxic effects on immune cells. A 0.85 μM DON induced
apoptosis in the RAW264.7 macrophage cell line [197]. The apoptosis of Jurkat human T cell line
was induced by DON in the concentration range tested (0.85–3.4 μM) [198]. Concerning Penicillium
mycotoxins, CIT, OTA, and MPA induced cell death and inhibited proliferation of bovine macrophage
cell line (BoMacs) in a concentration-dependent manner [199]. A decrease in cell viability of THP-1
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cells, human leukemia monocytic cell line, was observed in a Caco-2+THP-1 co-culture system after
48 h exposure to ZEA LC30 (LC30 not specified in the article) [151].

Host mucosal immune response to the invasion of luminal antigens/pathogens requires
coordination between IECs and immune cells. Being part of the intestinal innate immune system,
IECs serve as dynamic sensors for luminal microbes by expressing PRRs such as TLRs. IECs can
also direct the mucosal immune response by producing important chemokines and cytokines that are
responsible for the recruitment of immune cells and the induction of the inflammatory response [10,93].

Measuring the expression of cytokine and PRR at gene or protein level has been an endpoint that
is commonly used to evaluate the effects of selected mycotoxins on the intestinal immune system using
in vitro IEC models. At 2 μM of DON exposure, DON has been reported to up-regulate the expression
of IPEC-J2 cell IL1-α, IL1-β, IL-6, IL-8, TNF-α, and MCP1 genes after 48 h of exposure, whereas, 0.5 μM
exposure simulated expression of IL1-β, IL-6, and IL-8 genes, and down-regulated expression of IL1-α
and MCP1 genes [200]. The up-regulatory effect of DON on IL-6, TNF-α, and IL1-β through the NF-κB
pathway was also observed in IPEC-J2 cells after 24 h of DON exposure within the concentration range
of 0.34 μM to 6.7 μM [162]. DON also reportedly induced a concentration-dependent increase in the
secretion of IL-8 protein by Caco-2 cells through NF-κB after 48 h exposure [201], and [194] reported an
increase in IL-8 protein secretion by Caco-2 cells after 12 h, which was associated with NF-κB, PKR,
and p38 pathways.

The effect of ZEA on the modulation of cytokine gene expression was carried out using the IPEC-1
and IPEC-J2 cell lines. At a higher concentration of 40 μM, ZEA up-regulated IL1-α, IL1-β, IL-6, IL-8,
TNF-α, and MCP1 after 48 h exposure by IPEC-J2 cells, whereas ZEA at 10 μM only stimulated the
gene expression of IL1-α, IL1-β, and IL-8 [200]. A stimulatory effect on IFN-λ and IL-4 gene expression
was observed in IPEC-1 after 1 h of exposure to 25 μM of ZEA [23]. However, contradictory results
have also been reported in other studies. The authors in [163] observed no significant effects on the
expression of assessed cytokine genes after IPEC-1 cells were exposed to 10 μM of ZEA for 24 h,
including TNF-α, IL1-β, IL-6, IL-8, IL-12p40, IFN-λ, MCP1, IL-10, IL-18, and CCL20, and 10 μM and
25 μM of ZEA exhibited no effect on the expression of IPEC-1 cell IL-8 and IL-10 genes after 24 h of
exposure [164].

As for the effect of other mycotoxins, in Caco-2 cells, the protein expression of IL-8 was stimulated
in a concentration-dependent manner by MPA at concentrations ranging from 78 μM to 780 μM after
48 h of exposure [75]. Whereas, [194] reported OTA did not have a significant impact on protein
secretion of IL-8 in Caco-2 cells. Lastly, [23,163] observed an increase in the expression of TLR2, TLR3,
TLR4, and TLR8 genes in IPEC-1 cells after 10 h exposure to 10 μM of ZEA and 1 h exposure to 25 μM
of ZEA, respectively.

Exposure of porcine pulmonary alveolar macrophages (PAM) to 0.025 ug/ml DON enhanced the
phagocytosis of S. typhimurium by macrophages by modulating the macrophage cytoskeleton [202].
The phagocytosis of Mycobacterium avium ssp. Paratuberculosis (MAP) by BoMacs was also enhanced by
OTA [203]; the other Penicillium mycotoxins (CIT and MPA) that this group investigated did not show
this stimulatory effect on macrophage phagocytosis [203].

7. In-Vitro Assessment of Efficacy of Risk Mitigation

7.1. Strategies to Counteract Mycotoxin Contamination

In an attempt to mitigate the risk of mycotoxin contamination in food and feed, different pre-and
post-harvest physical (e.g., crop rotation, thermal treatment, and irradiation), chemical (e.g., acids/bases
and absorbents), and biological (e.g., microbial and enzymatic degradation) strategies have been
deployed [27,204–207]. Besides these conventional mitigation methods, nanotechnology may be an
innovative solution to mycotoxin contamination [208]. It is not possible in this review to discuss all the
approaches; instead, the discussion will focus on remediation strategies that are most widely used in
the animal feed industry, especially the use of mycotoxin adsorbents as feed additives.
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Among all approaches, the addition of mycotoxin adsorbents to animal feeds, also referred
to as “mycotoxin binders”, one of the two classes of mycotoxin detoxifying agents [204], is one of
the most widely applied and promising remediation approaches to reduce risk of mycotoxicosis in
farm animals [209–212]. Mycotoxin adsorbents bind mycotoxins in the gastrointestinal tract after the
contaminated feed is ingested [207], and the bioavailability of the mycotoxins is reduced by the formation
of toxin-adsorbent complexes, which are later excreted in the feces [204]. Mycotoxin absorbents can
be classified as either silica-based inorganic compounds, or carbon-based organic polymers [213].
The inorganic absorbents are further sub-grouped into aluminosilicate minerals (clays, including
bentonites, montmorillonites, hydrated sodium calcium aluminosilicate, and zeolites), activated
charcoal (AC), and synthetic polymers (e.g., cholestyramine). The aluminosilicate minerals are the most
widely studied of the silica-based inorganic mycotoxin absorbents [211,213]. The efficacy of inorganic
absorbents depends on the physio-chemical structure of both adsorbent and mycotoxin [206,211,214];
this includes the total charge and charge distribution of adsorbents and mycotoxins, adsorbent pore
size, and accessible surface area, as well as mycotoxin polarity, solubility, and three-dimensional
structure [204,206,211,212]. The efficacy of aluminosilicate adsorbents for reducing aflatoxin B1

(AFB1) bioavailability is fairly efficient [206], but their binding capacity to other mycotoxins is
limited [206,214,215]. In contrast, AC has been reported to effectively bind to DON, ZEA, AFB1,
fumonisin B1, and OTA, but it can reduce the absorption of some micronutrients which jeopardize the
nutritional value of the feed [204,211,214,216]. Cholestyramine is the most well-known of the synthetic
polymers and has been shown to be an effective adsorbent for FB1, OTA, and ZEA [210,212,214,217].
Its high cost limits its practical use as a mycotoxin adsorbent [218], and inorganic binders are typically
added to feeds at high concentrations to account for their low efficiency [216]. Lastly, since the
degradation of bound mycotoxins after they have been excreted is relatively slow, this is another
ecological disadvantage of using inorganic adsorbents [207].

A commonly used organic adsorbent is yeast cell wall (YCW) from Saccharomyces cerevisiae yeast
strains [204]. The major functional fractions of YCW responsible for mycotoxin binding include
β-D-glucan and α-D-mannan (glucomannan), which bind to mycotoxins via hydrogen bonding and
van-der-Waal forces [219–224]. The YCW has been shown effective at binding a wide-spectrum of
mycotoxins including DON, T-2 toxins, AFB1, ZEA, and OTA [207,219,222–233]. Heat or acid treatment
can further increase the mycotoxin-binding capacity of YCW [229]. Another advantage of YCW
products is that they are biodegradable, and therefore the toxin-binder complexes do not accumulate
in the environment after being excreted in the feces [219]. The use of lactic acid bacteria (LAB) as
an organic dietary mycotoxin-adsorbing agent has recently gained interest [204]. LAB are a group
of Gram-positive and non-sporulating bacteria [233], and the strain of LAB that is used to bind to
mycotoxins is Lactobacillus rhamnosus [204,213]. With glucomannan as the functional component
affecting mycotoxin binding capability, the mechanism of LAB is thought to be similar to that of
YCW [204].

The second class of mycotoxin detoxifying agents is referred to as mycotoxin modifiers.
These agents, which include microorganisms and their enzymes, can be applied to reduce the
risk of mycotoxicity by biotransforming mycotoxins to less toxic metabolites [204]. Many commercially
available mycotoxin detoxifying agents contain a combination of these two classes, capable of both
degradation and adsorption. The authors in [234] conducted a study assessing the efficacy of
20 commercial products incubated under aerobic and anaerobic conditions to detoxify DON and
ZEA. Their study revealed that only one out of 20 products under anaerobic incubation was effective
at completely degrading DON after 24 h and only one tested product completely degraded ZEA
under both incubation conditions after 24 h. All the other products incubated under both aerobic and
anaerobic conditions showed maximum DON detoxification of only 17%, and only the other four
products showed a reduction of ZEN ≥60% [234].
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7.2. In-Vitro Assessment of Mycotoxin Absorbents

The efficacy of mycotoxin adsorbents has been assessed using both in vitro chemical and
cell-based bioassays [231,235,236]. With in-vitro chemical assay, the method involves simulating pH
conditions in the gastrointestinal tract of different species during adsorbent-mycotoxin co-incubation,
and this is followed by chemical chromatographic analysis such as high-performance liquid
chromatography with fluorometric detection [205,230–232,234], ultraviolet light detection [237],
liquid chromatography-tandem mass spectrometry [238], or gas chromatography [235].
Several adsorption isotherm models have been used following the chromatographic analyses to
quantify the adsorption performance of tested adsorbents including the Hill, Langmuir, Freundlich,
Brunauer–Emmett–Teller (BET), and non-ideal competitive adsorption (NICA) models [228,230,232].
In a study assessing the binding capacity of various yeast-based products to ZEA, AFB1, and OTA,
the most suitable models were the Hill model for ZEA, the Langmuir model for AFB1, and the
Freundlich model for OTA [232]. When assessing the binding capacity of YCW products and hydrated
sodium calcium aluminosilicate to ZEA, [228] reported that the Hill model was or more suitable than
the Freundlich model for evaluating YCW adsorption efficacy, but less suitable for HSCAS (hydrated
sodium calcium aluminosilicate) adsorbents.

In vitro cell-based bioassays have been less utilized for the assessment of mycotoxin adsorbent
efficacy. The endpoints of assessment have included cell viability, proliferation, and TEER
measurement [231,235,236]. Different cell lines derived from various species and tissues have been used
in assessment studies including Caco-2, NIH/3T3-LNCX murine fibroblasts, and MCF-7 human breast
cells [231,235]. A study using the differentiated Caco-2 cell line demonstrated that adsorbents such as AC,
aluminosilicate minerals, cholestyramine, mannans, and β-glucans exhibited no significant cytotoxicity;
however, cholestyramine induced a decrease in cell viability [235]. In the same study, all tested
adsorbents except for cholestyramine mitigated the cytotoxic effects of DON, maintaining higher cell
viability than even the control [235]. A study using NIH/3T3-LNCX murine fibroblasts also indicated
AC showed the highest binding affinity to DON based on cell viability assessment [231]. The study
using the MCF-7 cell line has shown that AC and aluminosilicate minerals adsorbents were effective
in binding ZEA [231]. Lastly, [236] assessed the binding capacity of a YCW product to Penicillium
mycotoxins (i.e., CIT, OTA, MPA, patulin and penicillic acid) using a bovine macrophage (BoMacs)
cell line, with cell proliferation as a bioassay endpoint. Their results showed that YCW was the most
effective in protecting BoMacs cells against OTA, followed by CIT among all five mycotoxins. A study
has also shown that illite mineral clay was for protecting AFB1- and OTA-mediated reductions in
Caco-2 cell TEER measurements [166].

8. Suitability and Limitations of Reviewed Intestinal in Vitro Models

In vitro cell culture models have been extensively used in toxicology, mostly for assessing
organ-specific effects of xenobiotics. However, they hardly represent the complexity of the human
and animal body [239,240]. The simplicity of in vitro models compared to in vivo however makes it
possible to study toxic MOAs in a reproducible manner that may be difficult to be achieved in vivo [140].
In vitro experiments also allow for dose–response analysis of individual mycotoxin exposure as well
as their mixtures [8]. The Caco-2, IPEC-1, and IPEC-J2 cell lines reported in the reviewed studies were
able to exhibit adequate differentiated intestinal epithelial characteristics, such as proper formation of
TJs and polarization in certain culture conditions, immune response-related molecular markers, as well
as responsiveness of these characters to mycotoxin exposure with or without risk mitigation methods
such as mycotoxin adsorbents; they could represent physiological models of the intestinal epithelial
barrier. While these IEC models are used at their undifferentiation status where polarization is not
displayed and proper TJs are not formed, they could also be a representation of pathological models
of the intestinal epithelial barrier, such as inflammatory bowel diseases (IBD) [241]; they also appear
similar to dividing cells in tissue undergoing regeneration or repair after damage [132,134]. Moreover,
in terms of assessing the efficacy of mycotoxin adsorbents, with the presence of cells, the in-vitro
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cell culture could also detect unpredictable tenside-like activities of adsorbents that could affect cell
membrane permeability and result in an increase in cellular uptake and toxicity of mycotoxins [242].

Although in vitro models are useful tools and provide valuable information, results should be
interpreted with care as there are some limitations with these in vitro models. First, cell lines lack
cellular diversity in the single-cell type system. For example, the Caco-2 cell line is not able to
differentiate into goblet cells that are present in vivo, thus, mucins and mucus, which are present under
normal physiological conditions, are lacking in vitro [140,243]. Second, in vitro cell models may lack
certain phenotypes and characteristics that are exhibited in vivo [140,243–248]. For example, the HT-29
human colon cancer cell line cannot form proper TJs under certain growth conditions, whereas the T84
human colon cancer cell line is an excellent model to examine epithelial barrier function due to its high
TEER properties [139]. Also, the TEER of Caco-2 cells was reported to be smaller than in vivo [249],
and neither Caco-2, T84 nor IPEC-J2 cells express claudin-2 [250]. Third, cell culture conditions,
such as passage number, media formulation, and culture time, can also affect the conditions of cell
lines [139,251]. Other limitations include a lack of relevant factors occurring in vivo, immortalization,
limited survival, and metabolic imbalance [231,252].

To date, limited studies have investigated the effects of mycotoxins on the intestinal barrier
functions using 2D co-culture models. However, an IEC + immune cell co-culture system may be more
appropriate than monocultures to study the effects of mycotoxins on the intestinal barrier function
because 2D co-culture models better represent the epithelial structure and function in vivo. This 2D
system enables the study of cell–cell interactions by both direct cell contact and soluble factors that
are secreted between IECs and immune cells, depending on the co-culture set-up [129,253]. However,
2D co-culture models do have some limitations. Compared to 3D co-culture models, 2D co-culture
models have reduced cell–cell interactions, lack cell–matrix interactions, and may be lacking in complete
tissue architecture [254]. When compared to monoculture models, a limitation of 2D co-culture is
that a wider range of variables could affect the outcomes of co-culture models including cell culture
conditions, the size and ratio of different cultured cell populations, and time scale of the experiments
with the interactions between populations considered [255].

9. Conclusion and Discussion

Mycotoxins present an issue worldwide due to their ability to contaminate agricultural
commodities and to pose a health risk to both humans and animals that have ingested the contaminated
food and feed. Climate change will likely favor more mycotoxin contamination [2,7]. Since mycotoxins
are commonly present as co-contaminants, it is not only important to understand their MOAs, many of
which are unknown, but also to understand how they interact with each other to affect exposed humans
and animals.

Since the intestine is the major site of mycotoxin interaction following oral exposure, understanding
these interactions at the intestinal level is critical for risk assessment and mitigation. The intestine
functions as a semi-permeable physical and immunological barrier and is the major site of nutrient
absorption. Therefore, any adverse effects mycotoxins pose to the intestine, such as changes in
intestinal permeability, cytokine production, and cell viability may be a constraint to animal health
and production.

In vitro cell culture models of the intestinal barrier have been used to mimic oral exposure to
mycotoxins. These intestinal models are usually based on a monolayer epithelial cell culture system,
sometimes grown on membrane inserts to better mimic the intestinal barrier for assessing the intestinal
transport of mycotoxins, the impact of different routes of exposure, and how mycotoxin exposure
impacts the translocation of pathogens [143,148,152,256].

A number of different mitigation approaches, including the use of mycotoxin adsorbents, have been
developed and applied to help reduce the adverse effects of mycotoxins on animals, but their efficacy
varies depending on physio-chemical properties of both adsorbents and mycotoxins. Given this,
there is an ongoing need for the development of novel more effective mycotoxin adsorbents and for
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their efficacy assessment. Given that in-vitro cell culture can help to better understand what actually
happens at the intestinal level [235], the possible cytotoxic effects of mycotoxin adsorbents on the gut
epithelium and their mycotoxin binding efficacy can be assessed using in-vitro cell-based bioassays
based on functional parameters such as cell viability and TEER values [231,235].

Most of the cell culture studies collated in this review are based on the in vitro monoculture
system. However, it may be more appropriate and efficient to co-culture various cell types, such as the
IEC +macrophage co-culture model, to simulate a more complex in-vitro system that better reflects the
intestinal mucosa physiologically and morphologically. Although there are limitations associated with
cell culture models, in vitro monoculture, or even better a co-culture system, is an efficient approach for
initial toxicity assessment of mycotoxins and their mixtures and assessment of adsorbent efficacy. It is
also an efficient approach for determining the MOAs for both individual and combined mycotoxins
that exhibit species- and organ-specific toxicity at the cellular and molecular level.

10. Suggestions for Future Research

Although in vitro and in vivo toxicity data for DON is abundant, toxicity data for other mycotoxins
is limited, especially with regards to Penicillium mycotoxins, which are commonly detected in forage,
particularly silage [257,258]. There is also a lack of in vitro and in vivo toxicity data concerning the
combined toxic effects of mycotoxins. Moreover, exposure guidelines throughout the world are all
based on individual mycotoxins, and multi-exposure has raised a question about the health risk
of co-occurring mycotoxins. As in most cases, feed and food can be contaminated with multiple
mycotoxins and the combined toxicity of mycotoxin mixtures cannot always be predicted based on
their individual toxicity [5]. Thus, more studies should investigate the effects of multi-mycotoxin
exposure to provide guidance for toxicological evaluation and reflect on the suitability of current
mycotoxin exposure guidelines.

In vitro and in vivo mycotoxin toxicity studies have focused more on monogastric animals over
ruminants, as ruminants are considered more resistant to mycotoxins due to the ability of rumen
microbes to detoxify mycotoxins into non-toxic compounds [259]. However, the safety of ruminant
species should be more thoroughly considered. Certain mycotoxins with antimicrobial properties,
for example, can impair the function of the rumen and intestinal microflora, thus, decreasing their
capacity to degrade mycotoxin [25,27]. Moreover, ruminant animals in certain production stages are
more susceptible to mycotoxins. For example, ruminants in the transition period have a negative energy
balance and are particularly sensitive to mycotoxin contamination in feed [25]. Also, newly-weaned
ruminants can be prone to mycotoxin exposure because the rumen microbiota is not fully established
or functional to protect young ruminants from mycotoxins [260]. Some mycotoxins may by-pass the
rumen intact instead of being detoxified in the rumen [79].

In vitro cell culture systems (monoculture or co-culture systems) could be a useful and effective
approach to start with for studying organ- and species-specific complicated issues of mycotoxin
toxicity at the cellular and molecular levels such as interactions between different mycotoxins [151],
comparative toxicity of mycotoxins, and their metabolites [155]. Moreover, cell culture systems could
be appropriate methods to study biotransformation of mycotoxins in animal cells, for example, the cell
models could express certain enzymes such as Cytochromes P450 (CYPs) that might interact with
tested mycotoxins by biotransforming them to the resulting metabolites [16,261].
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Abstract: Mycotoxins are known worldwide as fungus-produced toxins that adulterate a wide
heterogeneity of raw feed ingredients and final products. Consumption of mycotoxins-contaminated
feed causes a plethora of harmful responses from acute toxicity to many persistent health disorders
with lethal outcomes; such as mycotoxicosis when ingested by animals. Therefore, the main task for
feed producers is to minimize the concentration of mycotoxin by applying different strategies aimed
at minimizing the risk of mycotoxin effects on animals and human health. Once mycotoxins enter
the production chain it is hard to eliminate or inactivate them. This paper examines the most recent
findings on different processes and strategies for the reduction of toxicity of mycotoxins in animals.
The review gives detailed information about the decontamination approaches to mitigate mycotoxin
contamination of feedstuffs and compound feed, which could be implemented in practice.

Keywords: mycotoxins; reduction; grain cleaning; thermal processing; chemicals; adsorbents

Key Contribution: This article reviews the latest results on how different procedures and policies
can be applied to reduce the toxicity of mycotoxins in animals.

1. Introduction

Modern feed mills produce a wide range of products on a daily basis, regardless of whether they
have one or several processing lines. Formulated diets are often composed of more than 20 ingredients
and each of the ingredients is carefully selected based on the nutritional quality, safety, price, and
availability [1]. Safe ingredients are important for the production of safe animal feed, which is in turn
important for animal health, production of safe animal products for human consumption, and for the
environment. To ensure security in the agro-food chain, the feed mills are obliged to control all raw
materials and products for the presence of possible contaminants as well as to test numerous samples
on a daily basis [2]. Mycotoxins are a major contaminant of feed ingredients and products. Since these
secondary metabolites of molds are toxic, feed producers have to ensure that concentrations of these
contaminants do not exceed maximum allowed values for a specific mycotoxin. The occurrence of
mycotoxin is a significant global challenge, accompanied by rising animal and human health hazards
and huge financial losses in the food and feed production industries [3,4].
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Different methods are used to decontaminate mycotoxin-contaminated commodities or to reduce
the exposure to mycotoxins, but not all approaches are appropriate for feed and compound feed
manufacturers. An efficient method for the reduction of mycotoxins should be able to remove or
inactivate the mycotoxins without producing toxic residues and affecting the technological properties,
nutritive value, and palatability of products [5]. Modern feed production is mainly done on a large
scale, and proposed strategies should also be capable of being implemented on a large scale as well [6].
Due to the high cost of raw materials, which contribute up to 70% of the costs of compound feed, feed
production costs are optimized, and only relatively simple and/or inexpensive strategies are acceptable
for mycotoxin removal [7].

Essential oils are biological technologies for the decontamination of mycotoxins in feedstuffs. The
oils present secondary metabolites extracted from plants and consist primarily of monoterpenes
and sesquiterpenes and phenylpropanoids, compounds responsible for the oil’s organoleptic
characteristics [8]. Fungi metabolize and synthesize many organic compounds with bad properties
during their life cycle [9].

Many physical, chemical and biological technologies have been suggested with the aim of reducing
unavoidable and unpredictable mycotoxin contamination and many have shown excellent effectiveness.
This article reviews the latest results on various procedures and strategies used to reduce mycotoxin
contamination in the feedstuffs and compound feed, as well as to reduce the toxicity of mycotoxins
in animals.

2. Grain Cleaning

Grains are normally received in bulk from receiving hoppers of feed mills. Since the unloading
area is the largest source for dust emissions, and since there is an explosion risk, this is the place where
the dust control equipment is installed. Also, mills are often equipped with vibratory screens, or other
grain cleaning equipment, which removes oversized or undersized material [10]. These processing
steps are introduced to remove foreign material, such as stalks, paper, wood scraps, etc., but they have
also shown to be effective in mycotoxin removal. The mycotoxin concentration can be decreased by
removing kernels with mold growth, crushed kernels and dust [11].

Cereals, which are a major part of animal diets, are often received in a feed mill in grain form.
Depending on the climate conditions in the location where the crops are grown, cereals might be a
favorable substrate for mycotoxigenic fungal species. These ingredients have high inclusion rates
in animal compound feed, and if contaminated, could be a source of contamination of the final
products [12,13]. Therefore, the focus of numerous studies was the investigation of procedures for
decontamination of cereal grains [14–20].

Not all parts of the grain kernels are susceptible to fungal contamination. The outer parts of
grains, such as germ and pericarp, have a higher tendency to be contaminated by mycotoxins than
the endosperm [21,22]. The data from the literature confirms that the milling process redirects the
mycotoxins into inedible byproducts, but these byproducts are commonly used as animal feed, such
as bran, feed flour, polishings, etc. [23,24]. Also, dehulling, scouring or other processes where a part
of the grain is removed are not typical for the animal feed production process. When the whole
grains are used in the feed mill, the most commonly used grinding equipment is a hammer mill, roller
mill, pulverizer, disk mill, etc. All of these machines grind a whole cereal grain without subsequent
fractionation and possible redirection of mycotoxins [25].

Dust removal can be efficient in removing mycotoxins. As shown by different studies, mycotoxins
are often accumulated in the grain dust, and exposure to it can have toxic effects on animals and
humans [26,27]. Efficient dust collection systems and separation systems can be efficient in mycotoxin
redirection into fine fractions which are excluded from the raw materials or final products. Different
dust separation systems might be implemented in the feed mill. Some of the installed options have the
possibility to adjust the cutting point for the separation of fine particles in wider ranges of particle
sizes. Vidosavljević et al. [28] have applied gravitational cascade zig-zag classifier for dust removal,
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and have been able to reach the level of aflatoxin reduction higher than 90% in the coarse fraction.
Higher airspeed might be more efficient in mycotoxin removal, but they also increase the yield of
the fine fraction which is considered a waste product [28]. In addition, separation systems can also
be used for the removal of broken kernels. Broken kernels might be a potential source of mycotoxin
contamination since they have a higher mycotoxin level than whole kernels. Screening and gravity
are used more frequently than air separation/classification for the separation of broken kernels and
coarse impurities separation. Dry cleaning of grain surface may also lead to a reduction of molds
and mycotoxins. For example, it has been demonstrated that deoxynivalenol content can be reduced
up to 84%, while the aflatoxin level was reduced by approximately 62% by the use of polypropylene
bristle brushes for polishing of grain surface without damage of pericarp [28]. The increase in the
retention time of contaminated material in the cleaning device and cleaning intensity increases the
effectiveness of mycotoxin removal [28,29]. However, these processing steps are not commonly used
in the processing line in order to avoid potential bottlenecks.

In cases where the size of contaminated kernels is similar to the size of whole kernels, typical
separation technologies based on a difference in a mass or density are not very efficient in the removal
of infected material [29]. Since these infected grains can be visually differentiated from the healthy
grains, their separation from the intact commodity can be effective in mycotoxin reduction. It has
been reported that even manual sorting can be effective in aflatoxin, deoxynivalenol, and fumonisin
reduction by up to 80%, 83.6%, and 84%, respectively [28,30]. Taking into account that the average
feed mill capacity is approx. 50,000 tons per year, it is clear why it is not possible to implement manual
sorting at a large scale. On the other hand, optical sorting has been successfully implemented at a large
scale in the feed industry for the removal of infected kernels based on color difference. Within the
optical sorting machines, grain streams are directed along by optical sensors and the grains different in
color were removed by a jet of pressurized air from the stream. By removing infected grains, it is also
possible to reduce mycotoxin content by more than 80% [14,31].

Other physical treatments that have shown to be effective in mycotoxin decontamination are
flotation in various solutions, cold plasma, gamma-radiation, microwave heating, etc. They are not
commonly used by the feed industry due to different reasons, such as high investment cost, high
operational costs, unavailable processing units on a large scale required by the feed producers, etc.

3. Thermal Processing

In general, mycotoxins are mainly stable compounds under conditions of thermal processes
that are most commonly used in food and feed production [11,32]. The following factors of thermal
processing are the most important for the degradation and reduction of mycotoxins in food and
feed: type of mycotoxin, the initial mycotoxin concentration, temperature, time of exposure to high
temperature, the degree of heat penetration, pH, moisture content, etc. [32]. If raw materials are
contaminated with some regulated and/or non-regulated mycotoxins there is a great possibility that
final products will also contain those mycotoxins, since they are not completely destroyed during the
applied thermal process. Different processes of thermal food and feed treatment that can have different
impacts on mycotoxins include extrusion, cooking, frying, baking, canning, crumbling, pelleting,
roasting, flaking, nixtamalization, alkaline cooking, etc. [11]. Only a few of the listed processes, such as
crumbling, pelleting and extrusion are commonly used in compound feed preparation as well as in
feed production. Even though these processes can significantly reduce the mycotoxin concentration,
their implementation usually does not lead to the complete elimination of mycotoxins. Among the
thermal treatments, the utilization of high-temperature processes demonstrated the greatest potential
for mycotoxins reduction [11]. Kabak [32] examined the effect of different extrusion parameters
on the reduction of some regulated mycotoxins. He concluded that the application of extrusion at
a temperature higher than 150 ◦C have a significant impact on the reduction of zearalenone and
fumonisins, while the same conditions led to moderate reduction of aflatoxins and deoxynivalenol.
The extrusion process with temperatures at around 160 ◦C or higher, in combination with glucose,
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demonstrated the greatest degree of reduction of fumonisins. For example, after the extrusion of corn
grits with 10% added glucose, initial fumonisin B1 concentration was reduced by 75–85%. In addition
to fumonisin reduction, the applied extrusion process resulted in the formation of high amounts of
N-(1-deoxy-d-fructos-1-yl)-Fumonisin B1, and in small amounts of hydrolyzed fumonisin B1 and
N-(Carboxymethyl)—Fumonisin B1. Fumonisins contaminated corn grits extruded with glucose
demonstrated lower toxicity during feeding trial toxicity tests in rats [33]. However, it is important to
note that the process for the production of animal feed includes mixing different batches of different
raw ingredients. Therefore, creating a new complex feed mixture represents a great risk since each
raw ingredient has its own initial contamination with an entirely new risk profile for the majority
of mycotoxins [34]. Roasting and extrusion processing, reaching temperatures of 150 ◦C or more,
could contribute to the reduction of contaminated batches [15,18,28]. In this complex scenario, further
investigation related to the fate of various mycotoxins during thermal feed processing, as well as their
overall loss in toxicity in different feed matrixes is clearly required in order to define the best thermal
processes for mycotoxins reductions on one hand, and to avoid losses of feed nutritional quality on the
other hand. However, the application of high temperatures in feed processes can have variable effects
on mycotoxins, from significant to slight reduction.

4. Chemical Agents

In spite of all positive sides of available chemical treatments for decontamination of mycotoxin
contaminated feedstuffs and compound feed, their limitations are also present, since the products
handled must be safe from the chemicals used and the nutritional value of the products should not be
altered or deteriorated [15]. Not all agents are efficient to the same degree against mycotoxins, but
science is still making efforts to find a broad variety of chemicals that will be effective on a higher
scale against a larger number of mycotoxins [16]. Nowadays, there are several chemicals agents used
for mycotoxin contaminations mycotoxin decontaminations and can be divided into categories such
as alkaline (Ammonia gas NH4OH; Sodium hydroxide NaOH; Calcium hydroxide Ca(OH)2), acids
(Acetic acid C2H3OH; Phosphoric acid H3PO4; Formic acid CH2O2; Propionic acid CH3CH2COOH;
Sorbic acid C6H8O2; Sodium hypochlorite NaClO), reducing agents (Sodium bisulfite NaHSO3; Sugars:
D-glucose or D-fructose), oxidising reagents (Ozone O3; Hydrogen peroxide H2O2), and many others
such as chlorinating agents, salts and miscellaneous reagents [15,17].

Cereals treatment with ammonia gas is known as the method of ammoniation, which gained great
attention in detoxification of aflatoxin and ochratoxin, and have been used for decontamination in
several countries [16,17]. However, the efficacy of ammoniation varies on the type of mycotoxin. The
efficiency of applied NH4OH on laboratory animals with the purpose of lowering concentrations of
fumonisins did not show any promising results since there was no decrease in toxicity when ammonia
fumonisin B1 was supplied to livestock despite a decrease in fumonisin B1 concentration. In the
last several years in developed countries, ammoniation has been successfully used in maize grain
decontaminations, in particular, to reduce the amount of contamination of aflatoxins in feed [14,18].
Ammoniation is usually the most effective against aflatoxin B1, with the remaining side product
of aflatoxin D1, which is far less toxic than the aflatoxin B1. In addition, the positive effects of
ammoniation in feedstuffs and compound feed detoxification could be compared to the high cost
of applied methodology, and more the ineffectiveness of the method against other mycotoxins.
Nevertheless, this method can lead to food quality decrease and deterioration due to involved excessive
ammonia levels in the food [35]. Calcium hydroxide was used to decontaminate feeds contaminated
with T-2 toxin and diacetoxyscirpenol. Under the aforementioned alkaline conditions, mycotoxin
structure can certainly be changed [19].

Feedstuffs and compound feed treatment with strong acids could destroy the biological activity of
aflatoxin B1 Thus converting aflatoxin B1 to a compound which is hemiacetal or a hemiketal compound
the results from the addition of an alcohol to an aldehyde or a ketone, which are formed when a second
alkoxy group has been added to the structure, respectively [36]. HCl treatment (pH 2) showed a 19.3%
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reduction in aflatoxin B1 concentrations within 24 h. Formic, propionic and sorbic acids show their
positive influence when it comes to the degradation of ochratoxin A with concentrations ranging from
0.25 to 1.0% after exposure to this particular acid during the time which is no longer of 24 h. Sodium
hypochlorite can be used successfully in the destruction of ochratoxin A as a pale greenish-yellow
dilute solution commonly known as liquid bleach or simply bleach [37].

Reducing agents such as sodium bisulfite have the affinity to react with aflatoxins and
trichothecenes. Their mechanism of action includes the formation of sulphonate derivatives while
peroxide and heat enhance the destruction of aflatoxin B1 by sodium bisulfite [38]. Besides aflatoxin B1

and trichothecenes, reducing agents decreased the levels of deoxynivalenol as well. The conversion
of sodium bisulfite from deoxynivalenol to deoxynivalenol-sulfonate, which is less toxic than
deoxynivalenol, has been recorded as an efficient instrument to overcome the depressive impacts of
deoxynivalenol on feed consumption in certain species and farm animal categories. Temperatures at
approximately 65 ◦C for 48 h can block the primary amino group of fumonisin B1 and prevent toxicity
of cell tissue cultures of farm and laboratory animals caused by the presence of fumonisin in feed, but
only in the presence of D-glucose or D-fructose sugar reduction [39].

Oxidizing agents such as ozone and hydrogen peroxide were used to decontaminate mycotoxin
contaminated raw feed and compound feed [40]. In addition to feed and compound feed, ozone
treatment has been used with very high success over the years to decontaminate food products.
Many of the chemical methods mentioned above could be used to reduce mycotoxin levels in feed
and compound foods with a high percentage of efficacy, but it could not be neglected that these
chemicals could potentially activate changes in the nutritional, physical and sensory properties of
treated materials [41]. Protection against aflatoxin B1 in poultry has been proven in the research where
it has been shown that chemically oxidizing agents react with a wide range of different functional
groups, where aflatoxin B1 contaminated corn was treated with electrochemically produced ozone.
Other research has also proved the positive effects of the ozone when a contaminated cereal with
ochratoxin A was treated [42]. Ozone possesses the ability to reduce mycotoxin contamination and
improve microbiological status. When 10% of hydrogen peroxide (H2O2) was used to decontaminate
zearalenone contaminated grains during a period of 16 h at a temperature of 80 ◦C, a degradation
of 84% was recorded. The elevated degree of contamination of feedstuffs by these microorganisms
has resulted in significant losses to enterprises as these microorganisms generate mycotoxins on a
massive scale, in addition to the decay of the raw materials. Aspergillus carbonarius and Aspergillus
niger produce ochratoxin A trough their secondary metabolism [43].

The use of both physical or chemical processes outlined earlier to decontaminate feed and
compound feed is restricted by very high expenses and some nutrient quality losses. Scientists have
reached the concept of detoxifying mycotoxins through biological conversion, which can be described
as the degradation or enzymatic conversion of mycotoxins into less toxic compounds.

5. Feed Additives for the Prevention of Mycotoxin Effects

Feed additives are mixed with contaminated diet to minimize the effect of mycotoxins on the
animal prior to intake or during digestion [44,45].

The use of feed additives or supplements that decrease animal exposure to mycotoxins can
be viewed as a means of enhancing animal welfare. These feed supplements are referred to as
the substances blended into feed (e.g., mineral clay, micro-organism, yeast cell wall), adsorbing or
detoxifying mycotoxins in the digestive tract of animals (biological detoxification) [46]. These additives
have received increasing attention from the feed industry and numerous products have been developed
and some of them have already been tested on animals and marketed.

European Regulation (EC) No 1831/2003 of 22 September 2003 on animal feed additives has been
revised and the category of technological feed additives includes a special functional group [47]. That
is a group which is described as “substances that can suppress or decrease the absorption of food
through mycotoxins, encourage the excretion of mycotoxins or alter their mode of action”, under
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Commission Regulation (EC) No 386/2009 of 12 May 2009 [48]. It should be pointed out that the use of
such products does not mean that the animal feed exceeding the established maximum limits may
be used. Their use should rather improve the quality of the feed which is lawfully on the market,
providing an additional guarantee for the protection of animal and public health. Therefore, after
adding an additive, these additives may not be used as compatible in non-conforming camouflage
consignments. Following a request for technical assistance, in July 2010, the European Food Safety
Authority (EFSA) through its Panel on Additives and Products or Substances used in Animal Feed
(FEEDAP) issued a statement where it detailed the additional information that would be required to
perform an assessment of safety and efficacy of this new group of additives [49]. This statement lists
only the requirements which are not common in relation to the rest of technological additives. In 2012,
EFSA published several guidelines on its website pertaining to the marketing of several feed additives
and safety measures [50]. This guidance document follows the structure and definitions of Regulation
(EC) No 1831/2003 and it is intended to assist the applicant in the preparation and the presentation of
its application, as foreseen in Article 7.6 of Regulation (EC) No 1831/2003 [48].

Various materials have been tested as mycotoxin-detoxifying agents in order to avoid deleterious
impacts of mycotoxins on livestock (mainly poultry and swine). They work either in adsorption or
in the bonding or transformation of mycotoxins to their surfaces (biotransformation), depending on
their mode of action. Biotransformation of mycotoxins can be caused by the addition of enzymes or
micro-organisms generating such enzymes [46].

Mycotoxin binders are nutritionally inert adsorbents that reduce mycotoxin absorption from the
gastrointestinal tract by integrating them into contaminated feed, thereby preventing and decreasing
mycotoxicosis and transportation of mycotoxins into animal products [46]. The adsorbent materials
are designed to behave like a “chemical sponge”, preventing the blood and target organ absorption
and later distribution of mycotoxins. The effectiveness of adsorbent on mycotoxin seems to depend on
the chemical structure. The main feature is the physical adsorbent structure, i.e., the total distribution
of load and load, the dimensions of pores and the available surface. On the other side, adsorbing
mycotoxins also have a major part to play, such as polarity, solubility, form and load distribution.
The stability of the sorbent toxin bond and the efficacy over a broad pH range are important criteria
for the assessment of possible mycotoxin binders because a product has to be implemented on the
entire gastrointestinal tract [51]. The feed composition can also have a major impact on adsorption
effectiveness [51]. Potential absorbent materials include activated carbon, aluminosilicates (bentonite,
zeolite, phyllosilicates, etc.), complex indigestible carbohydrates (cellulose, polysaccharides in the cell
walls of yeast and bacteria such as glucomannans, peptidoglycans, and others), and synthetic polymers
such as cholestyramine and polyvinylpyrrolidone and derivatives [20,45,46,52–54]. Many studies have
shown that the formation of stable connections of these adsorbent products has a strong affinity with
mycotoxins. These are found in a number of fluid systems, such as beer, wine, milk, and peanut oil.

Activated carbon is a widely used adsorption material that has an outstanding adsorption ability
with a wide surface region. It is recommended for multiple digestive toxins as a general toxic adsorbing
agent and is frequently suggested (The Merck Veterinary Manual, Eighth Edition, Merck & Co., Inc.,
Whitehouse Station, NJ) [55]. Activated carbon effectiveness depends on the source materials, the
surface area and the distribution of the pores on the adsorption characteristics of the activated carbon.
The surface features of activated carbons are greatly altered by preparation techniques and chemical
treatments. The contrasting findings regarding the capacity of activated carbon for mycotoxin binding
can explain different adsorbing characteristics of different carbonaceous materials [51]. Activated
carbon adsorbs most mycotoxins effectively in water, whereas animals are less or not affected by
mycotoxicosis. For aflatoxin B1 and ochratoxin A adsorption, the highest capacity for in vitro activated
carbon was noted whereas deoxynivalenol adsorption was lower. The efficacy of activated carbon has
been demonstrated in vivo and in vitro by vibrant gastrointestinal models for deoxynivalenol, nivalenol,
zearalenone, aflatoxin, ochratoxin A, diacetoxyscirpenol and T-2 toxins [44,53,56–60]. Responses to
charcoal in cows, broilers, turkey poults, rats and mink suggest that charcoal may not be as effective in

184



Toxins 2019, 11, 617

binding aflatoxin as the clay-based binders. The biomarker assay in rats did not confirm the in vivo
efficacy of activated carbon to bind fumonisin [52,61]. Also, research conducted with weaning pigs
showed that they were not effectively protected against the adverse effects of consuming fumonisin B1

by adding activated carbon to contaminated feed [62]. Finally, although having a potential for acute
exposure to a number of mycotoxins, activated carbon is a non-specific sequester with large variability
in efficacy, which reduces possibilities for its practical application.

Mycotoxin binders are the largest and most complicated class of silicate minerals [63–67]. There
are two major sub-classes in this group, phyllosilicate, and tectosilicate [68,69]. The phyllosilicate
sub-class mineral clays include significant adsorbents such as the montmorillonite/smectite group, the
kaolinite group and the illite (or clay-mica) group [51]. Montmorillonite is a predominantly layered,
oxygen-coordinated, phyllosilicate consisting of octahedral aluminum and tetrahedral silicon layers.
The bentonite is usually impure smectite clay. The tectosilicates include important and highly studied
zeolites. Zeolites consist of SiO4 and AlO4 tetrahedrons having a cage-like structure that is infinite in
three dimensions. In such minerals, some tetravalent silicones are replaced by trivalent aluminum,
which results in inorganic cations, such as sodium, calcium and potassium ions, that have a lack of
a positive charge. Clay minerals, primarily montmorillonite, have been used in the early 1970s to
reduce aflatoxin toxicity [70]. There is ample literature on this subject, mainly in the field of in vitro
water studies [53,63,64,66,71], and animal feed trials [20,72–74]. The use of smectite in human nutrition
was also tested for its safety as well as the efficacy in the decrease of aflatoxin biomarkers [64,75–77].
In Europe, bentonite is allowed as a feed additive for all animal species, as well as for mitigation of
mycotoxin contamination for ruminants, swine, and poultry (1m558). It is also used for control of
radionuclide contamination and as an anticaking agent (1m558i). The chemisorption of aflatoxin to
smectites involves the formation of a complex by theβ-keto-lactone or bilactone system of aflatoxin with
uncoordinated metal ions in the mineral. Aflatoxin B1 is able to be attached on the surface of the mineral
particle and in its interlayers. A huge difference in the effectiveness of bentonites in sequestration
of aflatoxin B1 was shown in several in vitro studies [51]. These studies indicated that aflatoxin B1

bentonite adsorption efficacy may rely on the physical, chemical and mineralogical characteristics
of the smectite, including clay contents, the capacities of the cation exchange (CECs), the interlayer
cation hydrate radius, distributions of particle size and the specific surface area. Notwithstanding
these findings, an important correlation has not been well created between smectites minero-chemical
and physicochemical characteristics and aflatoxin B1 adsorption. Therefore, there is still no predictive
model of aflatoxin B1 adsorption by the bentonite as the crystal-chemical variation in the smectite
group is complex. Recently, the study by D’Ascanio et al. [67] showed a strong correlation between
aflatoxin adsorption parameters and the geological origin of samples. In adsorbing toxin at distinct
pH values, sedimentary bentonites were considerably better than hydrothermal bentonites [51]. The
extent of aflatoxin B1-adsorption was negative and linear with the extent of desorption. Mineralogical
and physicochemical analyses confirmed that some physical and chemical properties of bentonites
correlate linearly with AFB1 adsorption. However, these studies cannot be deemed to be conclusive
since it is still hard to depict the link between properties of these mineral adsorbents and aflatoxin B1

adsorption/desorption. Due to the complexity of interactions and factors that can affect the adsorption
of the aflatoxins by smectites, further research is required to describe the mechanisms of adsorption [51].

However, bentonite cannot be used as a binder for all mycotoxins due to their limited binding
effects. Several in vivo studies have previously shown that aluminosilicates do not significantly adsorb
other mycotoxins, such as cyclopiazonic acid and ergotamine, zearalenone, deoxynivalenol, T-2 toxin,
ochratoxin A and others. The selective chemisorption of bentonites for aflatoxins can be overcome by
chemical modifications. These include changes in the surface characteristics, resulting in enhanced
hydrophobicity when structural load balancing cations are exchanged with molecular heavyweight
amines [66,78]. Several in vitro studies showed the binding efficacy of modified montmorillonite and
clinoptilolite against zearalenone and ochratoxin A [20]. Aflatoxin B1 was adsorbed with non-modified
zeolites. However, the in vivo ineffectiveness of these binders in sequestering a large spectrum of
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mycotoxins has been recently observed in piglets [79], and some of those clay forms were pointed out
to the potential toxicity [80,81].

Recently, questions have been raised about the nanotechnology solution of mycotoxin risk [82].
One of the most promising methods is the use of carbon-based nanomaterials. Graphene has shown a
huge surface and a high mycotoxin binding capacity. Polymeric nanoparticles have also been drawn to
attention; they may replace adsorbents or contain a substance that would improve the organism’s health
status. Modified nanodiamonds synthesized by detonation were proposed as intestinal adsorbent of
aflatoxins [83]. Highly advanced surfaces, and the existence on the surface of nanoparticles of multiple
functional chemical-active groups, hydrocarbon fragments, and metal micro impurities, establish
their elevated affinity to biomolecular sorption. The findings of in vitro experiments, showing that
nanodiamonds adsorb aflatoxin B1 from aqueous solutions at different pH, were confirmed by in vivo
experiments with rats [83]. In order to confirm the effectivity and safety of this adsorbent on animal
species, further studies including well-designed in vitro trials are needed. The practical and economic
feasibility aspects should also be taken into account [82].

The formation of bonds between polymers, such as cholestyramine, divinylbenzene-styrene and
polyvinylpyrrolidone, and mycotoxins were confirmed in vitro and in vivo [52]. Cholestyramine is a
binding resin that has proven to bind bile acids in the gastrointestinal tract and decrease low-density
lipoproteins and cholesterol. It has been shown that cholestyramine is an efficient binder for
ochratoxin A, fumonisins and zearalenone in vitro [52,57,61]. Efficacy of cholestyramine in the dietary
concentration of 2% on top of compound feed was confirmed in experiments with feed contaminated
by zearalenone and by the biomarker assay in vivo in laboratory animals for fumonisins [52,57,61].
Cholestyramine efficacy for detoxification of zearalenone was also confirmed during other studies on
laboratory animals [84]. A polyvinylpyrrolidone, a synthetic water-soluble polymer, was researched as
a binder for mycotoxins as well [85]. It was shown that polyvinylpyrrolidone is able to bind aflatoxin
B1 and zearalenone, while it did not alleviate the toxicity of deoxynivalenol in pigs. It should be noted
that the high costs of polymers are a limiting factor for its practical applications.

The mycotoxin-sequestering capacity of different high-fiber feedstuffs, such as hays (e.g., alfalfa
hay) or straws (e.g., wheat straw), was recognized a long time ago, but there are principally practical
experiences, e.g., in equine nutrition, without scientific assessment. The positive effect of alfalfa fiber
was first proved against zearalenone in laboratory animals and pigs and also against T-2 toxicosis
in laboratory animals, respectively [86–89]. However, it should also be mentioned that, besides its
positive effects, alfalfa fiber is a potential source of Fusarium contamination, and its high inclusion rates
(15–25%) required in the diet may cause digestive-physiological disturbances. Micronized wheat fiber
has recently been found effective in decreasing the accumulation of ochratoxin A in laboratory animals’
liver and kidney tissues. When used at an inclusion level of 20 kg/t, it significantly increased the
excretion of ochratoxin A via the feces [90,91]. Recently, Avantaggiato et al. [92] showed that a red-grape
pomace (pulp and skin) can sequester distinct mycotoxins quickly and simultaneously. Aflatoxin B1,
followed by zearalenone, ochratoxin A and fumonisin B1, was the most affected mycotoxin. In pigs,
using a urinary biomarker method the effectiveness of grape pomace in secreting mycotoxins has been
confirmed [79]. Aflatoxin B1 (67%) and zearalenone (69%) considerably lowered the urinary mycotoxin
biomarker of the grape pomace. Taking these outcomes into consideration, the authors indicated that
the use of grape pomace as a large-spectrum adsorbent material has its potential. Greco et al. [93]
recorded evidence on the capacity of food plants and by-products other than grape pomace and wheat
fibers to absorb mycotoxins. The research results are highly innovative and prove that a wide range
of mycotoxins is also available in some dietary fibers. Aflatoxin B1, zearalenone, and ochratoxin A
were most of the adsorbed mycotoxins. Adsorption of aflatoxin B1, zearalenone, and ochratoxin A was
not impacted by pH, and the adsorbed fraction was not released when acid-to-neutral pH increased.
Mycotoxin fumonisin B1 has been adsorbed to a lesser level in this research and its adsorption has
been affected by a medium’s pH.
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Polymeric humic materials comprise several binding sites and are being incorporated into humans
as a compound to minimize bacterial endotoxins absorption and systemic accessibility. A high-quality
humic acid derivative, called oxyhumate, has been reported to have the mycotoxin-sequestering
capacity and recommended for use against aflatoxicosis based on in vivo studies in chickens [94].
The excellent connection capability of humic substances with zearalenone was an exciting finding, as
assessed in vitro research [60]. These compounds should, therefore, be further tested in vivo.

The other groups of fiber components are the cell wall components of the yeast Saccharomyces
cerevisiae, the mannan-oligosaccharides (MOS) or their esterified form with β-D-glucan (esterified
glucomannan), which showed the considerable binding ability for several mycotoxins in vivo.
Saccharomyces cerevisiae and lactic acid bacteria are the two most important food fermentation
microorganisms that have proven to bind various mycotoxins [20,54,95]. The reversible and strain and
dose-dependent phenomenon of mycotoxin binding of some chosen lactic acid bacteria was outlined
and did not influence the viability of the lactic acid bacteria. It should be noted that there may be a
relationship between lactic acid bacteria and the accumulation of mycotoxins through two particular
procedures like binding and biosynthesis inhibition. There could, therefore, be a high value for the
reduction of mycotoxin exposure for lactic acid cultures with a strong anti-fungal, anti-mycotoxigenic
and mycotoxin potential [96].

Fungal conidia can bind mycotoxin individually or together (between 29 and 60%), particularly
zearalenone and ochratoxin A [97]. Saccharomyces cerevisiae live yeast was shown to reduce the
detrimental effects of aflatoxin in broiler diets [20,34,95,98,99]. The aflatoxin protective effect of live
yeast was confirmed in rats, but thermolyzed yeast was shown ineffective. The potential to bind
several mycotoxins was shown as fibrous material from the cell wall of the yeast. It has been shown
that esterified glucomannan polymer obtained from the yeast cell wall separately and in combination
binds aflatoxin, ochratoxin and toxin T-2. Additions of 0.5 or 1.0 kg/t doses of esterified glucomannan
to aflatoxin-contaminated diets resulted in broiler chicks, with dose-dependent reactions. Similarly,
in relation to aflatoxin-contaminated diets of dairy cows, esterified glucan polymer considerably
decreased residues of aflatoxin in milk. The esterified glucan polymer may have the capability to
bind several mycotoxins. A glucan polymer-bound both T-2 toxin and zearalenone in vitro, and
it was protective against depression in antioxidant activities resulting from T-2 toxin consumed by
growing quail. A glucan polymer product has protected swine, broilers, and hens against some of the
detrimental effects of multiple mycotoxins, while another glucan polymer product did not alleviate the
toxic effects on mink consuming diets contaminated with fumonisin B1, ochratoxin A, moniliformin
and zearalenone [98,99]. These polysaccharides, in addition to binding mycotoxins, also provide other
functions to regulate the damage of mycotoxins in animal organs, including modulation of immune
operations and binding gastrointestinal pathogens [100–102]. It should also be noticed that many trials
are carried out using commercial products which may not consist exclusively of glucomannans, but
contain tiny quantities of aluminosilicates that are specifically added to bind aflatoxins.

Numerous studies and several comprehensive reviews as above demonstrate the increasing
interest in the use of mycotoxin-detoxifying agents as technological feed additives.

The best way to evaluate mycotoxin binders is with in vivo experiments. Naturally, in vivo
models are perfect and hard to conduct in theory. It is complicated, costly, and time-consuming to
collect the definitive data. Individual bioassays with the same strain, age, body weight, and dietary
type should take place in vivo research to achieve coherent outcomes. Differences in farm conditions
and types, health, development, and maturity of animals may also have an effect on outcomes. Binders
with varying rates of incorporation, distinct mycotoxins, animal species, age, gender, and environment
should be assessed as well. Moreover, according to the EU Guideline 2001/79/EC on additives for use
in animal nutrition [50], the in vivo efficacy of binders should be proven by using an experimental
design justified according to the claim for the use of the additive, and by using specific biological
markers such as tissue residues or changes in biochemical parameters [103]. The chosen biomarker for
exposure should be specific for each mycotoxin and target species, closely related to exposure and
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easy to detect with sensitive analytical methods validated for the matrix used [3]. EFSA has proposed
different biomarkers for exposure to aflatoxin B1, deoxynivalenol, zearalenone, ochratoxin A, and
fumonisins. To date, the majority of the research on the effectiveness of mycotoxin binders has only
been done on the feed consumption and measurements of performance. Few in vivo research papers
have explored potential side impacts on animal performance or the health of these agents.

6. Biological Detoxification and Biotransformation

The application of microorganisms or enzyme systems to contaminated feeds can detoxify
mycotoxins by metabolism or degradation in their gastrointestinal tract. This process is an irreversible
and environmentally friendly method of detoxification, as it does not leave toxic residues or unwanted
by-products. A large number of detoxifying studies were performed in the 1980s and 1990s on
ochratoxin A, trichothecenes and zearalenone [32,46,98,104–106]. While initial in vitro reports of the
microbial mycotoxins detoxification can be dated back to the 1960s, until now, only a few organically
transforming agents mainly microorganisms were tested in vivo for their efficacy.

Aflatoxin degradation in laboratory conditions has been investigated in numerous cases over the
years [107–110], but there is currently no biological system for the entire commercial sphere to be used.
Interesting results have been obtained for Nocardia corynebacteroides application. This soil bacterium
is supposed to remove aflatoxins B, G, and M1 from a variety of food products, including milk, oil,
peanut butter, peanuts, and maize, without leaving any toxic by-products. It has been shown to be
effective in the irreversible removal of aflatoxin B1 from aflatoxin-contaminated compound feed for
broiler chicken nutrition [111].

In the last 20 years, many tests on trichothecenes with cows’ rumen, gastrointestinal experimental
or soil in the laboratory were conducted in vitro. Microbial biodegradation of trichothecenes via
various pathways such as oxygenation, de-epoxidation, epimerization, and glucosylation has been
elucidated [106]. Rumen fluid is selected due to knowledge of the fact that ruminants are very resistant
to the toxic effects of mycotoxins, such as deoxynivalenol and trichothecenes. Deoxynivalenol’s
12,13-epoxy-ring and T-2 toxin seem to be a part of the toxicity molecule. The mycotoxins are less
toxic when opening up this ring. The Eubacterium sp. strain BBSH 797 has been developed into a
commercial product for detoxifying trichothecenes in animal feed [98,105]. There are few studies
on the transformation of toxins of T-2 and HT-2. Certain metabolites had been de-acetylated and
de-epoxidized T-2. Some microorganisms could transform T-2 into HT-2, but detoxification has not
been recorded.

Some bacteria, molds, yeasts, and plants can transform ochratoxin A into a less toxic compound
which has been confirmed in many scientific reports [51,112,113]. These changes lead to phenylalanine
formation [32,46,98,104–106,114]. Aspergillus, Rhyzopus and Penicillium spp. are particularly effective
for ochratoxin A removal [113]. As a biologic controller in wine, Aureobasidium pullulans prevents
the accumulation of ochratoxin A in the grape and decreases the symptoms of Aspergillosis. Plants,
such as wheat and maize, or fungi, such as P. ostreatus, are capable of removing ochratoxin A but no
transformation products have been identified [115]. Moreover, a new yeast strain that can degrade
ochratoxin A and zearalenone was isolated and characterized. This strain was called Trichosporon
mycotoxinivorants because of its property for degrading these mycotoxins. A feeding trial, which tested
the efficacy of T. mycotoxinivorans to suppress ochratoxicosis, proved that the dietary inclusion of
this yeast blocks ochratoxin A induced immune suppression in broiler chicks. T. mycotoxinivorans
have been recognized as the principal transformation product of zearalenone. The structure of the
metabolite, ZOM-1 is characterized by the opening in the group of ketones in C6 of the macrocyclic
ring of zearalenone [116]. Even at concentrations 1000-fold higher that zearalenone, the ZOM-1 did
not show estrogen activity in a sensitive yeast bioassay and did not interact with the human estrogen
receptor in the competitive in vitro binding experiment [116].

Fumonisin B1′s main amine is responsible for its toxicity. Thus, this molecule’s deamination
would significantly decrease its toxicity. Very few biodegradation studies for fumonisin B1 have been
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conducted. The main microorganism capable of degrading fumonisin B1 is the black yeast, Exophiala
spinifera. The transformation of fumonisin B1 into amino polyol AP1 is performed by an extracellular
carboxylesterase. This enzyme has been cloned and proven effective in transgenic maize since the plant
became fumonisin resistant [117]. Two genes that cause fumonisin B1 degradation by the bacterium
Sphingopyxis sp. in the latest study have been recognized, isolated and expressed in heterological terms.
The researchers found that the successive effect of these gene-encoded enzymes to detoxify fumonisin
B1 [118]. It is important to mention that molecular oxygen is not necessary for the operation of the
mentioned enzymes. The results of this study, therefore, provide the foundation for the development
of an enzyme detoxification process for fumonisin B1 in animal feed.

Although numerous papers on biological transformation by microorganisms of mycotoxins
are present, they were limited in their use for feed detoxifying. This may result from a lack of
understanding about the conversion process, the toxicity of the products being transformed, the
impact of conversion responses on nutritional values for feed and animal safety. Biological agents
used as feed additives should generally degrade mycotoxins into non-toxic metabolites under various
environmental conditions. They must be safe and stable in the gastrointestinal tract of animals. To
date, few micro-organisms meet these needs.

Dietary manipulations include improved dietary ingredients, dietary supplementation or additives
with toxicity-protective characteristics or the addition of no-nutrient sequestrants to reduce mycotoxin
bioavailability, in order to decrease mycotoxin induced intake [20,44,52].

The control of multiple metabolic route ways has an influence on protection from stress, which may
be attributed to the sensitive equilibrium between antioxidants and pro-oxidants. Diet antioxidants
like vitamin E, carotenoids and selenium can regulate this equilibrium [119–122]. On the other side,
this antioxidant/prooxidant equilibrium has an adverse effect on dietary stress variables. In this
regard, mycotoxins are regarded as one of the main stress variables in feed [121,123–125]. In fact,
enhanced supplementation for antioxidants can safeguard against mycotoxins’ poisonous behavior.
The antioxidant characteristics of selenium and retinol, ascorbic acid, tocopherol, and their precursors
are known to operate as free radical scavengers and to safeguard mycotoxin from membrane harm [126].
Certain antioxidants, selenium, and vitamins can also induce or boost liver and other tissue detoxication
mechanisms, thereby increasing mycotoxin detoxification. Food elements in coffee, strawberries, tea,
pepper, raisins, turmeric, tonka beans, garlic, chocolate, and onions achieved attractive outcomes.
Furthermore, certain medicinal herbs and plant extracts could possibly protect them from aflatoxin
B1, fumonisin B1, and ochratoxin A [121,127–129]. However, there is much less information on other
mycotoxins, primarily from in-vitro research and focusing on aflatoxin B1. For the assessment of
their practical benefits further feeding studies with antioxidants and vitamins with farm animals are
necessary. The choice of the most appropriate nutritional methods requires knowledge of the type
of antioxidants in the diet, their bioavailability and food sources, and the exact intake required to
achieve these protective effects. In addition, a mixture of natural antioxidants (e.g., medicinal plant
extracts, essential oils, herbs, spices, some vitamins, etc.) with feed additives that act as detoxifiers of
mycotoxins could be a further step in the fight against mycotoxicosis in animal production.

A similar tendency in research was noticed with regards to the usage of ozone in laboratory
test animals for the prevention of zearalenone estrogenic effects [130]. Trichothecenes’ biological
activities were also altered by oxidation, with ozone most probably attacking trichothecenes‘ double
bond. Recently, essential oils, natural-based or natural identical, have been tested for their efficacy to
reduce ochratoxin A contamination in feed [8,131,132]. Ochratoxin A is found in various kinds of feed
such as cereals, coffee, beans and foods such as dried fruits, grapes, wines, and their derivatives [39].
Nephrotoxic, cancer-genic, immunotoxic, teratogenic and genotoxic activities become noticeable when
animals ingest contaminated feed [112]. In Puvača et al.’s [114] in vitro research, the influence of tea
tree essential oil (Melaleuca alternifolia) on ochratoxin A fungal synthesis has been verified. The essential
oil’s (7.5; 15.0 and 30.0 μg/mL) decontamination potential was assessed on the growth of ochratoxin
A producer (Aspergillus niger). The production of ochratoxin A in the presence of the essential oil
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depended on the incubation temperature, 20 and 30 ◦C. The values obtained from 20 ◦C showed a
reduction in ochratoxin A synthesis by A. niger ranging from 53.87% to 96.22% while 18.36% to 72.85%
at 30 ◦C. Based on the obtained results Puvača et al. [114] concluded that essential tea tree oil could
serve as a prospective biocontrol agent for contamination of ochratoxin A in feed and compound feed.

7. Conclusions

In conclusion, levels of particular mycotoxins in feeds have been reduced, but, so far, no single
technique has been established that is equally efficient against the broad variety of mycotoxins that
can co-occur in various commodities. Furthermore, procedures of detoxication that appear to be
efficient in vitro will not necessarily maintain their effectiveness in an in vivo test. Therefore, further
research on the stability of toxins in the whole “field to fork” chain is required in order to have general
recommendations for the reduction of these adverse contaminants and to avoid re-contamination.
Research on mycotoxins in feeds and their potential interactions should be carried out simultaneously,
and the solutions concerning how the toxicological importance of such interactions could be evaluated
and practically used. There is increasing business interest in the use of feed additives to avoid
mycotoxin absorption and the toxic impacts on farm animals. There are also new products on the
market available and some of them have been in wide use for several years. The efficacy of the
additives for the distinct mycotoxins and livestock must be proved, e.g., by means of peer-checked
research. It is recommended that cell lines or artificial models be used in the simulation instead of
living experimental animals, questioning the animal’s welfare.
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