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Mycotoxins are toxic secondary metabolites produced by filamentous fungi from Fusarium,
Alternaria and Penicillium spp. spread naturally worldwide. Mycotoxins are also natural contaminants
present in food and feed and several health problems have been evidenced not only for humans, but also
for animals. In 2018, the Rapid Alert System for Food and Feed (RASFF) reported 569 notifications for
mycotoxins which were situated among the top 10 food and product hazard categories.

Oral exposure of mycotoxins in humans and animals occurs through food although levels found
are low and acute effects are scarce. Nonetheless, chronic exposure effects are of great concern which
really pose a significant risk to consumers who are eating these products. Several studies have
shown mycotoxins are capable of causing various forms of systemic toxicity such as neurotoxicity,
hepatotoxicity, nephrotoxicity, mammalian cytotoxicity, etc. However, these toxicological effects of
mycotoxins are evaluated through the extrapolation of results from in vivo and in vitro assays. Studies
of mycotoxins’ effects at the cellular level precede those in organs and systems. All these studies are
key steps for risk assessment and following legislation for mycotoxins.

This Special Issue of Toxins comprises 10 original contributions and two reviews. The issue
reports new findings regarding toxic mechanisms, use of innovative techniques to study the potential
toxicity of mycotoxins not only individually but in combination reflecting a real scenario according to
nowadays occurrence studies of mycotoxins.

Related with this highlighted scenario, Kifer et al. [1] review the last mathematical models used for
evaluating the toxicological effects of mixtures/box/combos/ of mycotoxins. Most of those models are
described on the assumption that mycotoxin dose-effect curves are linear; in this review advantages and
disadvantages of mathematical models that deal with assessing mycotoxins´ interactions are discussed.

Another review is presented in this Special Issue by Reddy et al. [2], related to less common group
of mycotoxins: tremorgenic mycotoxins. Such group of mycotoxins are produced by fungal species
often present in association with pasture grasses; indole-diterpenes which may cause toxicity in grazing
animals more than in humans directly. Reddy et al., highlight the wide-ranging biological versatility
presented by this group of compounds and their role in agricultural and pharmaceutical fields.

Studies of mycotoxins in different cell lines are presented in this issue: intestinal porcine
epithelial cells (IPEC-J2), hepatocarcinoma cells (HepG2), mouse macrophage cell line (RAW 264.7),
human embryonic kidney cells (HEK 293T), differentiated human intestinal cells (Caco-2 cells),
embryonic stem cells (hESCs), human chondrocytes, chicken hepatocytes, wild-type FM3A cells and
Bombyx mori (Bm12) cell line.

Transcriptomic analysis based on RNA-seq addressing deoxynivalenol (DON) cytotoxicity in
intestinal porcine epithelial cell line (IPEC-J2) showed immune-related pathways to be the main
pathway exhibiting more related differentially expressed genes (DEGs). Zhang et al. [3] demonstrated
that differentially expressed genes in IPEC-J2 cells treated with DON induced proinflammatory gene
expression, including cytokines, chemokines and other inflammation-related genes, by activating p38
and ERK1/2.

Toxins 2020, 12, 446; doi:10.3390/toxins12070446 www.mdpi.com/journal/toxins1
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Multi-mycotoxin occurrence of 28 mycotoxins in pig feed samples was evaluated by using an
LC-MS/MS method. Novak et al. [4] give an overall insight into the amount of fungal secondary
metabolites found in pig feed samples compared to their cytotoxic effects in vitro using IPEC-J2 cells.
The main mycotoxins, DON and zearalenone (ZEN), were found only at ranks 8 and 10 among all
samples analyzed.

Cytotoxicity, genotoxicity and disturbance of cell cycle of two mycotoxins, ochratoxin A (OTA)
and beauvericin (BEA), were evaluated in HepG2 cells by Juan-García et al [5]. Effects were evaluated
individually and combined through isobologram method and flow cytometry following TG 487
for in vitro micronuclei (MN) assay. BEA showed higher toxicity than OTA in HepG2 cells and
combination effects were additive and synergistic. Cell cycle arrest and MN induction were also
observed in different scenarios. This study underlines the importance of studying real exposure
scenarios of chronic exposure to mycotoxins as mixture of mycotoxins.

Fourteen mycotoxins were individually evaluated in vitro and in different combinations in RAW
264.7 cells, in HepG2 cells and in HEK 293T cells and in silico through ACD/Percepta; the bioavailability
potential in differentiated Caco-2 cells is presented (Tran et al. [6]). The mitigation effect with silibinin
was also tested. The acute toxicity of these mycotoxins in binary combinations exhibited antagonistic
effects in the combinations of T-2 with DON, ENN-A1, or ENN-B, while the rest showed synergistic or
additive effects.

OTA is one of the most common and important mycotoxins present in food especially for its
potential toxicity. In the work presented by Yang et al. [7], the mechanism underlying the intestinal
toxicity of OTA was shown in a dose-dependent manner in differentiated Caco-2 cells. Transcriptome
analysis was used to estimate damage to the intestinal barrier; also the protein–protein interaction
network by STRING (Search Tool for Retrieval of Interacting Genes) was analyzed, and the validation
of eight genes by qRT-PCR analysis was used. Intestinal toxicity of OTA was shown; genome-wide
view of biological responses was provided evidencing the theoretical basis for OTA´s enterotoxicity.

A study for evaluating embryotoxicity has been performed by Erceg et al. [8] in embryonic stem
cells (hESCs). Results showed mild cytotoxic effects for OTA in these cells by inhibiting cell attachment,
survival, and proliferation in a dose-dependent manner.

Two of the most toxic mycotoxins, T-2 and HT-2 toxin, were studied to evaluate apoptosis and
autophagy in human chondrocytes through oxidative stress and viability and protein expression (Yu et
al. [9]). Decrease of viability was observed for both mycotoxins; while oxidative stress and apoptosis
increased but it was higher for T-2 toxin than for HT-2 toxin. The expression levels of apoptosis and
autophagy related proteins, Bax, caspase-9, caspase-3, and Beclin1 in chondrocytes induced by T-2
toxin were significantly higher when compared with those levels induced by HT-2 toxin.

Yin et al. [10] in turn studied the toxicological effect of T-2 toxin on apoptosis and autophagy in
chicken hepatocytes. At molecular mechanism level, the gene expression level in chicken hepatocytes
treated with T-2 toxin induced oxidative stress, apoptosis and cytoprotective autophagy in chicken
hepatocytes. This revealed a molecular mechanism of T-2 toxin inducing apoptosis and autophagy in
chicken hepatocytes.

Wild-type FM3A cells and G3 cells (transfected cells with Tri101) were exposed to ITDol,
isotrichodermin ITD and trichothecenes (DON, 3-ADON) by Tanaka et al [11]. It was observed
that wild-type FM3A cells hardly grew, while G3 cells survived and cytotoxicity was lower in G3
cells exposed to ITDol and ITD than in wild-type FM3A cells. More modest results were detected
for in deoxynivalenol and 3-acetyldeoxynivalenol. It indicates that he expression of Tri101 conferred
trichothecene resistance in cultured mammalian cells.

Destruxin A (DA) was studied in the Bombyx mori Bm12 cell line through three proteins
(BmTudor-sn, BmPiwi, and BmAGO2) (Wang et al. [12]). Among all three, it was revealed that
only BmTudor-sn had an affinity interaction with DA which means there was a susceptibility to DA.
When that protein was knocked down, cell viability increased under DA treatment.
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Abstract: Indole-diterpenes are an important class of chemical compounds which can be unique to
different fungal species. The highly complex lolitrem compounds are confined to Epichloë species,
whilst penitrem production is confined to Penicillium spp. and Aspergillus spp. These fungal species
are often present in association with pasture grasses, and the indole-diterpenes produced may
cause toxicity in grazing animals. In this review, we highlight the unique structural variations of
indole-diterpenes that are characterised into subgroups, including paspaline, paxilline, shearinines,
paspalitrems, terpendoles, penitrems, lolitrems, janthitrems, and sulpinines. A detailed description of
the unique biological activities has been documented where even structurally related compounds have
displayed unique biological activities. Indole-diterpene production has been reported in two classes
of ascomycete fungi, namely Eurotiomycetes (e.g., Aspergillus and Penicillium) and Sordariomycetes
(e.g., Claviceps and Epichloë). These compounds all have a common structural core comprised of
a cyclic diterpene skeleton derived from geranylgeranyl diphosphate (GGPP) and an indole moiety
derived from tryptophan. Structure diversity is generated from the enzymatic conversion of different
sites on the basic indole-diterpene structure. This review highlights the wide-ranging biological
versatility presented by the indole-diterpene group of compounds and their role in an agricultural
and pharmaceutical setting.

Keywords: mycotoxins; endophyte; fungi; neurotoxin; lolitrems

Key Contribution: Understanding the biological activity of individual compounds within the
indole-diterpene pathway is important for the development of pasture grasses in the agriculture
industry. This review provides a detailed description of the reported activities of indole diterpenes in
animal models and cell-based assays. Furthermore, we describe detailed reports of these molecules
as potential leads for pharmaceutical drug discovery.

1. Introduction

Perennial ryegrass (Lolium perenne L.) is used for forage in temperate regions throughout the
world including Northern Europe, Pacific North West of USA, Japan, South-eastern Australia,
and New Zealand [1–5]. It is the most commonly utilized pasture grass on dairy farms in Australia
and has a high economic importance [6]. The asexual form of the endophytic fungus E. festucae var.
lolii (previously known as Neotyphodium lolii and Acremonium lolii) is known to establish a symbiotic
relationship with perennial ryegrass [7]. These interactions are beneficial to the pastoral agriculture
industry as compounds produced by the endophyte confer resistance to biotic and abiotic stresses.

Toxins 2019, 11, 302; doi:10.3390/toxins11050302 www.mdpi.com/journal/toxins5
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For example, a select number of indole-diterpene class compounds, such the lolitrems A, B, and E
that are present in endophyte-infected ryegrasses, are toxic to the larvae of the Argentine stem weevil
(Listronotus bonariensis) [8,9]. The grass–endophyte association also produces secondary metabolites
that are detrimental to grazing animals. The major toxins of concern are the alkaloids ergovaline
and lolitrem B, which are present in old naturalized perennial ryegrass pastures containing the
Standard Endophyte (SE) strain. Although both toxins are produced by endophyte-infected perennial
ryegrass, ergovaline is normally most abundant in endophyte-infested tall fescue grass and causes the
vasoconstrictive conditions fescue foot or summer slump disease [10,11]. The indole-diterpenes are
predominant in endophyte-infected perennial ryegrass and lolitrem B is the end-point of the complex
indole-diterpene biochemical pathway (Figure 1) [12]. Many of the indole-diterpene class of compounds,
particularly the lolitrems, are reported as anti-mammalian alkaloids that significantly affect animal
health. In particular, lolitrem B has been identified as a causative agent for perennial ryegrass staggers
disease, a nervous disorder, notably of sheep and cattle that causes tremors [12]. However, despite the
prevalence of perennial ryegrass in various geographic locations the toxicity reports are generally
limited. Neurological signs associated with ryegrass staggers disease has been reported in animals,
particularly sheep, grazing on perennial ryegrass in Australia, New Zealand, as well as Pacific
northwest of USA and Europe [13,14]. This imposes a negative impact on industry, particularly dairy,
meat, and wool production involving grazing animals [15]. Thus, forage improvement programs
have been involved in selecting novel endophytes that do not produce the known toxins; however,
complex mixtures of the intermediate compounds are still present in marketed forage grasses.

Symptoms of ryegrass staggers include initial head tremors, muscle fasciculation of the neck and
legs, and hypersensitivity to external stimuli as a result of the neurotoxic effect. To date, no physical
effects or gross lesions have been reported, and animals completely recover when the toxin is eliminated
from their systems. Although, affected animals suffer poor weight gain and they may be difficult to
handle due to their hypersensitivity [16–18]. Death is rarely a consequence unless an accident, such
as drowning, occurs during an episode in which the animal loses voluntary control [18]. One of the
methods to control the disease centers on offering alternative feed sources or removal of animals from
drought-stressed and overgrazed pastures during summer and early autumn when the toxin levels are
elevated [19] and neurological signs appear [18].

Lolitrem B is the most abundant of the indole-diterpene series of compounds produced by perennial
ryegrass endophytes belonging to Epichloë festucae var. lolii (termed LpTG-1). Lolitrem B has many
analogues and precursors that are also known to elicit tremors in animals (Table 1) [20–22]. Although the
structure–activity relationship is unclear, the literature suggests that lolitrem analogues, and biosynthetic
intermediates such as paxilline and terpendole C, cause tremors in grazing animals [22]. Penitrems have
also shown to exhibit clinical signs that are similar to ryegrass staggers disease, though intoxication
is commonly documented as a result of exposure to moldy foods [23,24]. Additionally, it would
be unwise to assign a single compound as the causative agent when a complex mixture of related
compounds exists in grass–endophyte associations. Typically, the presence and absence of the major
compounds are used in the screening of endophyte-infected grasses and the effect of individual
intermediate compounds and their synergistic effects are largely ignored [25]. Furthermore, some of
the indole-diterpenes produced could be innocuous to grazing animals and beneficial in deterring
insects at the same time [15]. This is an important factor to consider when novel grass–endophyte
associations are in development.

There is a growing need to understand the toxicity of all compounds within the indole-diterpene
group, including intermediates and analogues, as shown in the biosynthetic map in Figure 1.
However, obtaining these compounds to test on animal models is challenging due to the difficulty
involved in compound isolation and purification such that large kilogram (kg) quantities of starting
material is required to obtain milligrams of some of the intermediates [26,27]. For example,
Munday-Finch et al. enriched fractions obtained from extraction of 360 kg of seed and were then able to
identify lolicine A, lolicine B, lolitriol, and lolitrem N, as well as the naturally occurring 31-epilolitrem N

6
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and 31-epilolitrem F [27,28]. No biological activities were determined for these compounds other than
31-epi-lolitrem F [27]. Thus, it would be more effective to understand structure–activity associations as
tools for predicting the toxicity of novel or previously uncharacterized compounds.

Figure 1. Indole-diterpene biosynthetic map sourced from KEGG pathways showing the enzymes
responsible for producing indole-diterpene compounds at each step. Reproduced from [29–31].

The purpose of this review is to provide an exhaustive compilation of biological activities reported
for indole-diterpene compounds produced by Epichloë endophytes. Where known, biological activities
of some indole-diterpenes produced by other fungal genera such as Aspergillus and Penicillium are
also presented.

7
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2. Reported Animal Toxicity for Indole-Diterpenes

In 1986, Gallagher and Hawkes established mouse model assays to assess the tremorgenicity of
lolitrems using a visual rating scale and a positive control (lolitrem B or paxilline) [16]. The mouse
model assay showed good correlation to large animal models as seeds, deemed toxic through mouse
studies, were also neurotoxic to sheep that were orally fed with pellets containing the toxin [32].
Mouse model assays established by Gallagher and Hawkes were used to assess tremor intensity of
most of the indole-diterpenes described in Table 1 [16].

Another technique to test toxicity in larger animal models is electromyography (EMG), a method
for measuring and evaluating the electrical activity of muscles. McLeay et al. carried out toxicity
studies on sheep in which EMG activity of skeletal muscles and the smooth muscles of the reticulum
and rumen were measured, in response to single doses of penitrems (mixture of 88.3% penitrem A, 6.4%
penitrem B, 5.3% penitrem E), paxilline, lolitrem B, and 31-epilolitrem B [33] (Table 1). It was found
that the reticulum and rumen muscles showed inhibition of normal electrical activity, which coincided
with the induction of tremoring associated with skeletal muscle activity in penitrems, paxilline,
and lolitrem B [33]. These findings indicate that disruption of digestion may occur in animals grazing
endophyte-infected pasture, especially in the case of lolitrem B, in which perturbations in muscle
electrical activity lasted 12 h [33].

Studies to further understand the mode of action of indole-diterpenes were conducted based on
evidence relating to potassium channel inhibition as a potential mechanism of tremorgens and observed
symptoms of hyperexcitation of the central nervous system [34–38]. In particular, Big Potassium (BK)
channel receptor inhibition was tested in response to a series of compounds, as shown in Table 1,
since BK channels have major roles in smooth muscle function and neuronal excitability [39].

It has been reported that mice deficient in BK ion channels are unaffected by these neurotoxins at
concentrations that are lethal to wild-type mice [37]. This suggests that motor function deficits induced
by lolitrems are mediated by BK channels [37]. These BK channels are independently activated by
depolarizing membrane voltages and elevated intracellular calcium and magnesium [39]. The BK
channel is suggested as the major molecular target for these compounds as they are reported to cause
inhibition of the BK channel currents. The indole-diterpenes show differences in their interaction
with BK channels in vitro and these differences are also apparent when comparing in vivo response
of these compound such as duration of tremor and effects on motor function. Paxilline shows BK
current inhibition to be calcium-dependent and there is reduced inhibition with increased calcium
concentration [40] which is reported to rightward shift the conductance–voltage (G–V) [40,41]. It is
also later reported that the G–V shift induced by paxilline is dependent on calcium concentration
and an open state preference for BK (hSlo) channels [39]. In contrast, inhibition by lolitrem B does
not affect G–V relationship [41], Although, both compounds are reported to possess a calcium
concentration-dependence to their inhibitory effects and show higher apparent affinity for the open
state of the BK channel in comparison to the closed state [41].

The concentration at which half-maximal inhibition (IC50) is achieved is reported in
Table 1. However, lolitrem E and paspalicine although showing potent BK channel activity,
elicit a nontremorgenic effect on animals. This could be related to structural changes occurring
in vivo, rendering it less active [41]. Knaus et al., suggested that although some pharmacological
properties could be explained by BK channel inhibition, tremorgenicity may not be directly related to
channel block [36].

Postulations regarding structure–activity relationship have been reported for motor and
coordination deficits previously shown in mouse models and BK channel activity [37,39,41–43].
For example, the key attributes that have been postulated for the tremorgen lolitrem B as a potent
neurotoxin include the presence of the acetal-linked isoprene unit on the right-hand side of the molecule,
presence of the A/B rings and the position of the hydrogens in the junction of the rings (Figure 2).
The presence of the A/B rings in particular are thought to be responsible for the slow-onset and
long-acting tremorgenic activity of the lolitrem toxins [28,41]. Loss of the isoprene unit and opening of
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the ring attached to this isoprene unit removes the tremorgenic potency, as seen in lolitrem M and
when lolitrem B loses its tremorgenicity when it degrades to lolitriol [28]. Table 1 describes in detail
the results obtained from the assays described above for compounds belonging to indole-diterpene
biosynthetic pathways.
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Figure 2. Structures of paxilline and selected derivatives.

2.1. Classes of Indole-Diterpenes and Their Reported Activities

2.1.1. Paxilline

Paxilline is produced by many types of fungi and was originally identified in Penicillium paxilli [61].
In 1975, the structure of paxilline was elucidated and the biological activity tested in mice [62]. It was
found to induce tremors that sustained for several hours, yet it was evidently less toxic than other
tremorgens exhibiting a LD50 of 150 mg/kg body weight [62]. In comparison to lolitrem B, it is reported
to produce shorter and less intense tremors in mice [43] and other vertebrate animals [63]. It is also
a potent and selective BK channel inhibitor [36,40,64,65].

There are many other paxilline derivatives, such as α-paxitriol and β-paxitriol (Figure 2),
which are proposed precursors of terpendoles and lolitrems as well as janthitrems and penitrems,
respectively [66]. Structurally related compounds of paxilline are also reported to possess unique
biological activities. For example, pyrapaxilline and 21-isopentenylpaxilline have been reported to
inhibit the production of the neurotransmitter nitrogen monoxide (NO), though with less potency than
paxilline [67]. The suppression of NO production is important for treating inflammatory diseases such
as rheumatoid arthritis and atherosclerosis, a disease in which plaque builds up inside arteries [67].
Paxilline and paxilline derivatives were shown to be readily produced by various fungi in culture. For
example, paxilline acetate, 13-desoxypaxilline (13-dehydroxypaxilline), from Emericella striata [68],
7-hydroxy-13-dehydroxypaxilline, 13-desoxypaxilline, 2,18-dioxo-2,18-seco-paxilline from
Eupenicillium shearii [69] and paxinorol from Penicillium paxilli [70]. The structure of paxilline
and several of its derivatives are indicated in Figure 2 and associated biological activities for
mammalian toxicity (where known) are indicated in Table 1.

2.1.2. Lolitrems

In 1981, Gallagher et al. reported that lolitrems were the causative agents of ryegrass staggers
in animals grazing perennial ryegrass pastures [71]. This study, and later reports, show that seeds
containing lolitrems had the same toxic effect in symptomatology and the same reversible nature of
neurotoxicity as observed for ryegrass staggers [32,71]. Later, in 1984, Gallagher reported the properties
of lolitrem A–D and described full characterization studies of the major compound, lolitrem B [72].
Lolitrems A–N (Figure 3) and the derivatives epilolitrems, lolicines, and lolitriols (Figure 4) have been
isolated and their structures elucidated [20,27,28,43,44,46,47]. The epi-lolitrems, are lolitrem B and
lolitriol analogues which differ only in their stereochemistry at C-31 and C-35 position [27,46].
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Figure 3. Structures of lolitrems A–N.

 
Figure 4. Structures of lolitrem derivatives.

The prolonged duration of tremors elicited by lolitrem B and its complete reversible response is
considered to be of pharmacological importance [16]. The mode of action of the indole diterpenes,
mainly as BK channel inhibitors, have allowed them to be used as lead compounds for pharmaceutical
drug discovery.

Indole diterpenes, including nontremorgenic alkaloids have been reported to significantly inhibit
the production of cytokines particularly those with a proinflammatory response. Cytokine proteins are
produced by cells in response to an infection or trigger. The over-response of the immune system in
humans to foreign substances, i.e., anaphylactic reaction, can cause fatalities. In the case of lolitrem B
and 31-epi-lolitrem B, the production of cytokines IL-6 and TNFa was significantly inhibited in murine
macrophage cells. It is also found that these compounds showed no toxicity against the host cells by

15



Toxins 2019, 11, 302

means of cell proliferation assay at concentrations 100 and 250 times higher. Thus, it is suggested that
these compounds would make good candidates for drug design [34].

2.1.3. Penitrems

Penitrems are found in several species of fungi and have been described particularly well in
the case of Penicillium crustosum [73,74]. Penitrem A is the most tremorgenic and abundant of the
penitrems (Figure 5) [54,75]. It causes severe sustained tremors in mice when given intraperitoneally
at a dose of 1 mg/kg [52]; and in sheep when given intravenously at dose of only 20 μg/kg (Table 1).
Furthermore, sheep dosed intravenously with 5.5 mg/kg of a penitrem mixture showed strong inhibition
on the reticulum and rumen despite no significant skeletal EMG activity (Table 1). Penitrem A is also
known to cause neuronal death, in particular of Purkinje neurons, located in the cerebellum, that are
critical for coordination and movement [75].

Figure 5. Structures of penitrems A–F.

Early work investigating the mode of action of the mycotoxins penitrem A and verruculogen shows
that these toxins interfere with amino acid neurotransmitter release mechanisms in the central nervous
system [76–78]. Penitrem A as well as another mycotoxin verruculogen are known to interfere with
amino acid neurotransmitters release mechanisms in the central nervous system [76–79]. Norris et al.
conducted a study in which toxins were administered in vivo and synaptosomes were subsequently
prepared from cerebrocortical and spinal cord medullary regions of rat, and corpus striatum of
sheep [77]. In this study, penitrem A increased and spontaneous release of glutamate [77], GABA,
and aspartate from the cerebral cortex and midbrain region was observed [77]. However, no change
was observed in the synthesis or release of dopamine and other amino acids and neurotransmitters in
the central nervous system [77,78]. The tremorgen verruculogen increased the spontaneous release of
glutamate and aspartate and decreased and inhibited uptake of GABA in mice in the central nervous
system [77,78,80–82].

BK channels are important for cancer development and progression. Thus, BK channel blockers
such as the indole diterpenes would be regarded as potential candidates for cancer therapeutic
drugs [83–85]. Penitrems A, B, D, E, and F (Figure 5) as well as 6-bromopenitrem B and 6-bromopenitrem
E are reported to show in vitro inhibition of proliferation, migration, and invasion properties
against human breast cancer cells [86]. This effect was also observed for less complex biosynthetic
intermediates emindole SB and paspaline [86]. These compounds were identified as potential
candidates for future studies as they do not inhibit BK channels, thus eliminating any associated
toxicity in relation to tremorgenicity [86]. A blockade of the α-subunit of the BK channels would
also interfere with downstream biological functions such as neurotransmitter release and activation
in the central and peripheral nervous system. A more targeted approach on β-catenin in human
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breast cancer cells was reported to have success with specific structural analogues of penitrems [87].
Additionally, combination therapy with other agents has been shown to reduce the associated
toxicity [88]. Penitrem B also showed in vitro growth inhibition of the human tumor cell line screen
representing leukemia [86]. This test was carried out using 60 cell lines representing various cancers
(e.g., leukemia, melanoma, and cancers of the lung, colon, brain, ovary, breast, prostate, and kidney) [86].
Selective activity was exhibited by penitrem B against all cancer cells representing leukemia [86].

2.1.4. Paspaline

Paspaline and paspaline B have been isolated from Pencillium paxilli [89,90]. Paspaline, paspalinine,
and paspalicine (Figure 6) were also isolated from Claviceps paspali and all three compounds were
shown to possess no toxic or tremorgenic activity [90]. Although, paspalicine [36,89] and paspalitrem
C (Figure 6) [65] potently block BK channels (refer to Table 1). This may be related to degradation or
structural rearrangement occurring in vivo, thus reducing its potency [41].

 
Figure 6. Structures of paspaline and paspaline derivatives.

2.1.5. Terpendoles

In 1994, the first reported terpendoles (A–D) (Figure 7) were isolated from culture of the then newly
discovered species Albophoma yamanshiensis [91]. The compounds paspaline and emindole SB were
also reported from this fungus [91]. Terpendoles inhibit acyl-CoA:cholesterol acyl transferase (ACAT)
activity in rat liver microsomes [91,92]. The ACAT enzymes are membrane-bound proteins that utilize
long-chain fatty acyl-CoA and cholesterol as substrates to form cholesteryl esters. The terpendoles are
likely to inhibit ACAT activity by competing with the cholesterol substrate as the two groups exhibit
structural similarity. Thus, inhibition of ACAT would be expected to improve or limit the development
of atherosclerosis [93]. Terpendole C showed the most potent ACAT inhibition followed by terpendoles
D, A, and B [91]. Terpendoles J, K, L and emindole SB exhibited moderate ACAT inhibitory activity,
and paspaline and terpendoles E–I showed weak activity [92]. The subsequent identification of two
ACAT isoenzymes present in mammals showed that the selectivity of potential inhibitors toward
the two ACAT isoenzymes is important for the development of new anti-atherosclerotic agents.
Although, terpendole C was found to inhibit both ACAT isoenzymes to a similar extent [94,95].
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Figure 7. Structures of terpendoles A–L and derivatives.

A wide range of microorganisms were selected to test bioactivity of terpendoles A, B, C, and D,
and in a separate study, terpendoles E–L [91,92]. The terpendoles did not exhibit any antimicrobial
activity [91,92]. However, terpendole E exhibits unique properties; it has been found to be a novel
and specific/selective inhibitor of human kinesin, Eg5. In contrast, terpendoles C, H, and I showed
no inhibitory activity. Mitotic kinesin activity has been used as a specific target for antitumor
compounds [96,97], since cancer therapeutic drugs such as Taxol® (NSC 125973) lack specificity and
interfere with other cell functions, causing significant side effects [96].

Small animal toxicity studies showed that the terpendole A derivative, 6,7-dehydroterpendole A,
elicited the most intense tremors compared to other terpendoles that were tested for tremorgenicity in
mice (Table 1) [48]. Terpendole C was found to be a potent and fast-acting tremorgen; terpendole M
displayed only weak tremorgenic activity in mice [50]. Since the majority of terpendoles exhibited no
toxicological effects on mice, there is an opportunity to further investigate this class of compounds for
pharmaceutical and agricultural purposes.

2.1.6. Sulpinines

Sulpinines A-C, secopenitrem (Figure 8) and penitrem B (Figure 5) isolated from the sclerotia of
Aspergillus sulphureus [98] exhibit insecticidal properties and are active against the first instar larvae corn
earworm (Helicoverpa zea). Feeding trials showed that sulpinine A possesses the strongest bioactivity,
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observed as reduced weight gain in the insects [98,99]. Sulpinine A also possesses cytotoxicity towards
human lung carcinoma, breast adenocarcinoma, and colon adenocarcinoma [98].

Figure 8. Structures of sulpinines A–C and secopenitrem.

2.1.7. Emindoles and Asporyzins

Emindoles were first reported in 1987 by Nozawa et al. from the Emericella spp. They were named
emindole DA, emindole DB, emindole SA, and emindole SB (Figure 9) [68]. Emindoles reported from
the mycelium of Emericella purpurea include emindoles PA, PB and PC (Figure 9) [100]. Emindole SC
(Figure 9) was isolated from Aspergillus sclerotiicarbonarius (IBT 28362) and is reported to possess
insecticidal properties towards Drosophila melanogaster larvae; however, it was found to be inactive
against the fungus Candida albicans [101]. Emindoles including emindole SB [68] and related compounds
emeniveol [102] and JBIR-03 [103] have also been isolated from many other fungal species including
Aspergillus oryzae, Dichotomomyces cejpii, Emericella nivea, and Emericella striata [104]. Emeniveol was
reported to inhibit pine pollen germination and tea pollen growth [102]. JBIR-03 is reported to have
antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA); and also exhibits
antifungal activity against the apple Valsa canker-causing fungus, Valsa ceratosperma [103]. In a study
comparing JBIR-03, emindole SB, emeniveol, and related compounds asporyzin A, asporyzin B,
asporyzin C (Figure 10), JBIR-03 was found to possess more potent insecticidal activity against brine
shrimp (Artemia salina); while asporyzin C showed the most potent antibacterial activity against
Escherichia coli [104].

 

 

Figure 9. Structures of emindoles.
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Figure 10. Structures of asporyzins.

2.1.8. Aflatrems

Aflatrem and β-aflatrem (Figure 11) are produced by the soil fungus Aspergillus flavus.
Although, aflatrem is reported as a potent tremorgenic mycotoxin that causes a fast and sharp
onset of tremors, it does not exhibit the same level of sustained tremors as lolitrem B (Table 1) [16].
β-aflatrem is reported to cause a significant reduction in the growth rate of the corn earworm H. zea [105].
Studies on precursors of aflatrem, such as paspalinine and paspalicine, indicated weaker activity on BK
channels compared to aflatrem. Paspalicine an analogue of paspalinine does not exhibit tremorgenic
activity but potently blocks BK channels (Table 1) [36].

 
Figure 11. Structures of aflatrems.

2.1.9. Janthitrems

In 1980, Gallagher first identified, by high resolution mass spectrometry, the fluorescent tremorgenic
mycotoxins janthitrems A, B, and C (Figure 12) in Penicillium janthinellum isolates obtained from ryegrass
pastures in which ryegrass staggers had been observed [60].

Figure 12. Structures of janthitrems.

Janthitrems B and C were isolated from isolates of P. janthinellum as the two most abundant
tremorgenic mycotoxins [106]. Full structure elucidation of janthitrem B [106,107] and C [106] were
carried out by NMR spectroscopy and later the NMR assignments for janthitrem C were revised [58].
The janthitrems are challenging to isolate as they are reported to be unstable and decompose at
4 ◦C [59,60].

Janthitrem A is reported to be the more potent tremorgen compared to the structurally similar
compound janthitrem B (Table 1) [58]. Tremorgenic potency could be attributed to the 11,12-epoxy
group as this is the only structural difference [58]. This could explain the tremors observed in animals
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grazing ryegrass pastures with AR37 endophyte, an Epichloë spp. (LpTG-3) strain that is known to
produce epoxy-janthitrems [58,108]. Janthitrems A and B also show antifeedant activity against porina
(Wiseana cervinata) larvae, although janthitrem A is more potent than janthitrem B [58].

Using characteristic properties of the janthitrems, high throughput methods of quantitation were
developed in 1982 by Lauren and Gallagher, and a fourth compound was identified as janthitrem
D [59,60]. Although in 1984, [109] and later in 1993 [106] janthitrems E–G (Figure 12) was isolated and
structures determined, the tremorgenicity of janthitrems E–G remain unknown.

In 2012, Kawahara et al. described the development of an in-house library by analyzing
purified natural compounds from cultures of microorganisms using an ultra-performance liquid
chromatography coupled with UV detection (UPLC-UV)-evaporative light-scattering (ELS)-MS
system [110]. Compounds which are present in microbial cultures that are registered in the library are
automatically identified within the system. The high-throughput screening assay allows the detection
of unregistered secondary metabolites in microbial cultures. The Aspergillus species was targeted in
this scheme due to the large number of bioactive compounds it produced [110]. As a result, a new
janthitrem derivative, JBIR-137 was isolated (Figure 12) [110]. The cytotoxic activity reported against
human ovarian adenocarcinoma SKOV-3 cell showed that JBIR-137 and janthitrem B exhibit weak
cytotoxic activities [110].

2.1.10. Shearinines

Shearinines are very similar to the janthitrem class of compounds and were first isolated from the
aseostromata of Eupenicillium shearii. Shearinines A–C (Figure 13) exhibit insecticidal activity as shown
in dietary bioassays testing the effect of purified compounds on corn earworm H. zea and the dried-fruit
beetle Carpophilus hemipterus [69]. Shearinine A also exhibited antifeeding activity in a topical assay
against H. zea, and shearinine B caused significant mortality in the fall armyworm Spodoptera frugiperda,
when exposed to treated leaf disks [69].

 

Figure 13. Structures of shearinines A–M.
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Shearinines D–K have been isolated from Pencillium spp., resident endophytic fungus from
the mangrove plant Aegiceras corniculatum L. Shearinine A, paspalitrem A, and paspaline were also
identified. Shearinines D, E, and G (which have reduced potency) showed significant in vitro blocking
activity on BK channels [111]. Shearinines also exhibit biological activity against fungal diseases in
humans, specifically the Candida spp. Candida albicans are a common cause of mycoses (fungal diseases)
and their ability to form biofilms in human tissues and indwelling medical devices shields the fungus
from attack from the immune system and antibiotics [112]. Shearinines D and E have shown to inhibit
biofilm formation at a relatively late stage of biofilm development, although they show weaker activity
on existing biofilms [112]. Shearinines, in combination with the antifungal drug amphotericin B,
augment the potency eight-fold on existing and developing biofilms [112].

Shearinines L and M (Figure 13) were isolated from the fungal pathogen Escovopsis weberi [113].
Certain ant and fungal species can form mutualistic symbiosis, such as in the case of leaf-cutting
ants and their garden fungus (Leucoagaricus gongylophorus). The fungal pathogen E. weberi was found
to degrade the hyphae of L. gongylophorus without direct physical interaction by secreting toxins.
To investigate the source of the pathogenicity, Dhodary et al. identified and isolated the secondary
metabolites produced by the pathogen. The study found that secondary metabolites cycloarthropsone
and emodin strongly inhibited the growth of the garden fungus. Shearinine L did not affect the growth
of the garden fungus; however, the ants (Acromyrmex octospinosus) learned to avoid shearinine L-treated
substrate in dual choice behavioural assays [113].

2.1.11. Other Pharmaceutical Applications of Indole-Diterpenes

The indole-diterpenes as active BK channel blockers have opened pharmaceutical applications,
including the treatment of glaucoma, a degenerative eye disease that begins with intraocular
pressure [114–116]. Goetz et al. patented the application of indole-diterpenes for the treatment
of glaucoma, as the compounds were shown to reduce intraocular pressure and hence any further
degenerative conditions [114–116].

A number of indole-diterpenes also show significant activity against the H1N1 virus, particularly
emindole SB, 21-isopentenylpaxilline, paspaline, paxilline, and dehydroxypaxilline [117]. The H1N1
virus is an aggressive influenza virus strain that can cause fatalities in humans [117]. To date, there are
very few drugs which treat H1N1 viral infections [117].

In summary, there is a common trend to utilize non-tremorgenic indole-diterpenes for pesticides
in an agricultural setting. Although, the indole-diterpene group of compounds have proven valuable
in applications even beyond the agricultural scope. This could be attributed to their selectivity to
receptor binding sites, particularly as BK channel blockers. Minor stereochemical changes have proven
to drastically change their effect on the behavioral phenotype in animal models, such as in the case
of lolitrem B when it loses its tremorgenicity in its epimeric form (31-epilolitrem B). The unique
selectivity exhibited by these compounds have allowed them to be exploited as potential candidates
for pharmaceutical drug discovery. However, discrepancies regarding structure–activity relationships
remain questionable, particularly in relation to BK channel inhibition and tremorgenicity, which need
to be addressed. Lolitrem E and paspalicine, for example, exhibit strong BK channel activity; however,
they do not exhibit tremorgenicity. Thus, further investigation would be required into the mode of
action of these compounds.

3. Toxicity of Ergovaline and Lolitrem B in the Field

The ergot alkaloid largely responsible for mammalian toxicity in tall fescue (Festuca arundinacea)
pastures is ergovaline—where it accounts for approximately 90% of total plant ergopeptide alkaloid
content [10]. Toxicity of ergot alkaloids, although present in endophyte-infected perennial ryegrass,
is not as commonly reported as ryegrass staggers disease [118]. The threshold levels for fescue toxicosis
is 300–500 parts per billion (ppb), depending on the season [119].
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There are difficulties in characterizing all compounds in a grass–endophyte association,
thus thresholds are set for major toxins. Ergovaline is well studied in tall fescue and has a toxic
threshold of 300–400 ppb for cattle and sheep [120]. The Oregon State University College of Veterinary
Medicine found the threshold levels of ergovaline in tall fescue, subject to weather, are 300–500 ppb
(for horses), 400–750 ppb (for cattle), and 500–800 ppb (for sheep). Threshold levels for lolitrem B in
perennial ryegrass staggers for cattle and sheep is 1800–2000 ppb and 500 ppb for camels [119].

In Australia and New Zealand, the concentrations of lolitrem B and ergovaline in naturalized
populations of perennial ryegrass are usually lowest in winter/spring from June to November and
highest in summer from December to February [19]. A seasonal variation study was carried out by
Repussard et al. on lolitrem B and ergovaline concentrations in LpTG-1 infected perennial ryegrass
in southern France. Here, concentrations within the leaves, base and inflorescence were analyzed to
assess the effect of temperature, rainfall and maturity [120]. Ergovaline was found to accumulate in the
inflorescence of the plant whilst lolitrem B varied with the maturity of the plant, whereby concentrations
were highest in the oldest leaves. In general, ergovaline and lolitrem B concentrations exhibited similar
trends in peaks and troughs (i.e., low or high concentrations), but these similarities vary in different
perennial ryegrass varieties/ecotypes [120].

In an effort to identify new host plant–endophyte associations that exhibit nontoxic effects on
sheep, Oliveira et al. used two perennial ryegrass genotypes (EI19 and EI24) which were infected
with the same lolitrem B-free fungal endophyte [121]. These were sowed on two sites, with different
soil types and seasons, in north-west Spain. Low levels of ergovaline were produced and no animal
toxicity was reported. A mean value of less than 0.4 ppm ergovaline (mg/kg of dry mass) was reported
across the matrix, the highest level being 0.57 ppm [121]. Despite significant seasonal variation in
concentrations of ergovaline, grass–endophyte associations safe for agricultural use can be developed.

4. Indole-Diterpenes Reported in the Environment

The presence of these indole-diterpene-type compounds is ubiquitous in the natural environment.
Moldy food products produced by the Penicillium spp. are a common source for these compounds.
For example, fungal metabolites such as janthitrems, paspalinine, paxilline, and 3-O-acetoxypaxilline
were found to be produced by Pencillium tularense found in fresh tomatoes homegrown and from
supermarkets, with developing fungal lesions [122]. Also, Pencillium crustosum a commonly occurring
foodborne fungus that is responsible for spoilage of a wide variety of foods, is known for producing
the tremorgenic mycotoxin penitrem A. Humans have developed tremors followed by headache,
vomiting, diplopia, weakness, and bloody diarrhea by ingesting P. crustosum in moldy food [23] or
inhaling moldy hay dust [123]. Also, domestic animals such as dogs exposed to moldy food items
have been reported to be poisoned by penitrem A [124,125]. Penitrem A intoxication are characteristic
of indole-diterpene intoxication; these include tremors and ataxia that may progress to seizures and
death in high levels of exposure. Poisoning has also been documented in cattle, sheep, and horses in
the field [24].

5. High Throughput Methods for Determining Endophyte Toxicity

This review highlights the requirement to screen grass–endophyte associations to determine
endophyte toxicity, particularly for novel endophytes that are in the evaluation phase prior to
commercialization. Concentrations of metabolites produced by the endophyte, specifically the major
toxins lolitrem B and ergovaline, need to be monitored and thoroughly investigated for toxicity
to animals. This information is critical for the generation of safer endophyte-infected pastures,
and utilizing compounds known to cause limited or no neurotoxic effects whilst still maintaining the
competitive advantage for the plant (such as insect control).

Understanding the toxicity of the indole-diterpene and ergot alkaloid families and their derivatives
would provide an avenue in the development of high-throughput screening assays which are required
for the selection of novel grass–endophyte associations. Animal models are expensive, time consuming
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and considered unviable for testing a large number of grass–endophyte associations selected in the
breeding program.

In the past, high throughput methods were developed solely based on information on the
toxicity of the major mycotoxin lolitrem B. For example, a high-performance liquid chromatography
(HPLC) method was developed in 1985 by Gallagher for the quantitation of lolitrem B using the
unique profile of 268 nm absorbance of lolitrem B. Although, compounds in the plant matrix with
similar UV absorbance’s interfered with the reliable detection of the lolitrems at low levels [126].
Later, Gallagher discovered that the lolitrems had strong fluorescence properties and developed a new
sensitive quantitation method using a HPLC fluorescence detector, which remains one of the most
sensitive methods used for the detection of lolitrems [127,128].

With the advent of metabolomics and mass spectrometry (MS), sample preparation has
become much simpler and many compounds can be simultaneously quantitated based on MS
and MSMS studies [129]. Currently, liquid chromatography–mass spectrometry (LCMS) is the most
widely used tool for identification and quantitation of endophyte-produced alkaloids [10,22,130,131].
However, with the development of facile and rapid methods provided by advanced MS techniques,
the limitation now remains on the availability of analytical standards.

In conclusion, current pasture improvement programs involve maintenance of beneficial endophyte
infection in perennial ryegrass, whilst reducing the negative effects of particular compounds on
mammalian health. It has been long established that lolitrem B and ergovaline, derived from the
indole-diterpene and ergot alkaloid pathways, respectively, are the major compounds that cause
toxicity syndromes in grazing animals. The contribution of some analogues and intermediates within
the indole-diterpene pathway have also more recently been studied for biological activity and mode
of action. Currently, information regarding the toxicity status of many of the compounds within the
indole-diterpene pathway is lacking, and this information is imperative for the agriculture industry.
This is due to naturally varied concentrations of the compounds found in marketed forage grasses.
Further, there are limited studies exploring the effect of individual compounds on animal models.
The primary challenge is obtaining these compounds through complex isolation and purification
methods before any studies can be carried out. Research focused on characterizing the toxicity and
biochemical effects of fungal metabolites in animal models will provide greater confidence in dairy
and meat products containing these compounds.
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Abstract: In the past decades, many studies have examined the nature of the interaction between
mycotoxins in biological models classifying interaction effects as antagonisms, additive effects, or
synergisms based on a comparison of the observed effect with the expected effect of combination.
Among several described mathematical models, the arithmetic definition of additivity and factorial
analysis of variance were the most commonly used in mycotoxicology. These models are incorrectly
based on the assumption that mycotoxin dose-effect curves are linear. More appropriate mathematical
models for assessing mycotoxin interactions include Bliss independence, Loewe’s additivity law,
combination index, and isobologram analysis, Chou-Talalays median-effect approach, response
surface, code for the identification of synergism numerically efficient (CISNE) and MixLow method.
However, it seems that neither model is ideal. This review discusses the advantages and disadvantages
of these mathematical models.

Keywords: mycotoxin interaction; Loewe additivity; combination index; isobologram; Chou-Talalay
method; MixLow

Key Contribution: Comments on methods for assessing mycotoxin combination effect.

1. Introduction

Mycotoxins are secondary metabolites mainly produced by fungi belonging to the genera of
Aspergillus, Penicillium, or Fusarium [1]. Although the role of mycotoxins is not yet fully understood,
it has been shown that mycotoxins form an integral part of microbial interactions in ecological
niches where they protect fungi from competing or invading microbes (e.g., by antimicrobial activity
and/or quorum sensing disruption) [2,3]. Throughout history, these fungal toxic metabolites have
been recognized as harmful contaminants in crops, causing acute toxic, carcinogenic, mutagenic,
teratogenic, immunotoxic, and oestrogenic effects in humans and animals [1,4]. From the public
health point of view, the most important foodborne mycotoxins are aflatoxins (AFs), fumonisins
(FBs), trichothecenes (including deoxynivalenol (DON) and T-2 and HT-2 toxins), ochratoxin A (OTA),
patulin (PAT) and zearalenone (ZEN) and maximum levels have been set in European Union legislation
to control these mycotoxin levels in food and feed [4,5]. Analytical methods based on the liquid
chromatography tandem mass spectrometry (LC-MS/MS) have been developed for the simultaneous
detection of multiple mycotoxins in foods which facilitated and enabled survey of their co-occurrence
in various food matrices [6,7]. This methodology enabled the simultaneous detection of more than one
hundred fungal metabolites including major mycotoxins as well as masked (e.g., DON-3-glucoside
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and ZEN-14 sulfate), modified mycotoxins (e.g., 15-acetyl-DON) and so called emerging mycotoxins
(enniatins-ENN, beauvericin-BEA, and fusaproliferin-FUS and moniliformin-MON) [8–13]. The latter
is defined as “mycotoxins, which are neither routinely determined, nor legislatively regulated; however,
the evidence of their incidence is rapidly increasing” [13]. Recently, for the first time ever, reports
were published on the multi-occurrence on major mycotoxins and their derivates as well as modified
mycotoxins (such as DON-3-glucoside) and emerging mycotoxins in animal feeds and maize from
Egypt. This study emphasized significant levels of AFB1 in this African region, but also suggested
that low concentrations of the other detected mycotoxins should also be considered due to their
unknown interactions [6]. As mycotoxins often co-occur in food and feed there is a possibility that,
due to interactions between one or more mycotoxins, they can act harmfully, even if they are present
at or below permitted concentrations (regulated mycotoxins) or are continuously present in low or
high levels depending on the region (unregulated/emerging mycotoxins) [10–12]. Assunção et al. [5]
underlined the priority of testing the most relevant mycotoxins mixtures taking into account human
exposure assessments and the use of adequate mathematical approaches to evaluate interactions in
experimental models. Kademi et al. [14] developed a mathematical model using a system of ordinary
differential equations to describe the dynamics of AFs from plants (feeds) to animals, plants (plant
foods) to humans, and animals to humans (carry-over effects) which showed that the entire dynamics
depends on the numerical values of the threshold quantity defined as R01 and R02 (e.g., if R01 < 1
and R02 < 1 then AF concentrations in animals and plants will not reach toxic limit and vice versa).
This kind of mathematical modeling can be useful in controlling AFs and other mycotoxin toxicity limits
by employing various control measures like biological control and/or decontamination technologies.
In addition, mathematical modeling has been applied to predict fungal germination, growth, mycotoxin
production, inactivation and also to study the response to environmental factors which can be useful
in the prediction of mycotoxin food contamination [15,16]. Taken together, mathematical modeling
could be very helpful in the prediction and estimation of mycotoxin impact on human and animal
health as well as in controlling contamination below acceptable limits.

In vitro studies of mycotoxin interactions reflect mycotoxin occurrence and co-occurrence in
food/feed. Among Aspergillus- and/or Penicillium-derived mycotoxins, AFB1, OTA, citrinin (CIT), PAT
and penicillic acid (PA) have been the most studied, while the most studied mycotoxins produced by
Fusarium species were ZEN, FBs, nivalenol (NIV), T-2, DON and its derivates. Since in the last decade
attention toward unregulated/emerging mycotoxins increased, interactions of these mycotoxins as well
as their interactions with major mycotoxins have also been extensively studied [17,18]. The effects of
binary, tertiary and multiple mixtures of these mycotoxins in vitro have been studied on cell models
originating from the digestive system, i.e., intestinal Caco-2 cells and hepatic HepG2 cells, or kidney
cells like i.e., monkey kidney Vero cells, porcine PK15, human kidney HK2, and occasionally immune
system-derived cells like THP-1 macrophages [18–21]. A number of studies examined the nature of
interaction between mycotoxins both in vivo and in vitro classifying interaction effects into three types:
antagonistic effect, additive effect, and synergistic effect [18,19]. The definition of each interaction effect
is based on a comparison of observed effects with the expected effects of combination. If the observed
effect is greater than expected, it is defined as a synergism, and if the opposite is true, i.e., if the observed
effect is lesser than expected, it is defined as an antagonism. The third case, when the expected value
is equal to the observed one is called an additive effect [22,23]. These simple definitions leave one
problem though: estimations of expected effects for combinations of two non-interacting mycotoxins.
Among the several available mathematical models that may be used to describe mycotoxin interactions,
the arithmetic definition of additivity was the most commonly used one [24]. Other models included
a factorial analysis of variance [25], Bliss independence criterion [26], Loewe’s additivity law [27],
response surface [28], combination index and isobologram analysis [29], Chou-Talalay’s median effect
approach [30], and the MixLow method [31]. These models will be discussed later on in this review.
Additionally, the highest single agent model [32] and CISNE (code for the identification of synergism
numerically efficient) [33], that have not been used so far in mycotoxicology, will also be discussed.
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The most comprehensive review on mycotoxin interactions in cell cultures of human and animal
origin was given by Alassane-Kpembi et al. [18]; the majority of conducted studies used the arithmetic
definition of additivity. In the studies conducted in the last four years (Tables 1 and 2) the interactions
between mycotoxins in vitro were evaluated using more appropriate mathematical models than the
arithmetic definition of additivity.

2. Mathematical Models for Assessing Mycotoxin Interactions

In this paper, E will serve as an abbreviation for “effect” in equations. It is also assumed that effect
is relative to maximal effect, i.e., percentage of cell viability suppression, where suppression is equal to
difference between negative control (100% viability) and treated cells (100%-effect viability).

2.1. Simple Addition of Effects

The simplest method for estimating interactions between mycotoxins is the assumption of effect
additivity known as arithmetic definition of additivity or response additivity (Equation (1)):

Eexp = EM1 + EM2 (1)

where Eexp is the expected effect of combination of mycotoxin M1 in dose D1 and mycotoxin M2 in
dose D2, while EM1 and EM2 are the effects of single tested mycotoxins M1 and M2 in doses D1 and D2,
respectively. That simple addition of effect was applied by Šegvić Klarić et al. [34] for assessing the
combination effect of beauvericin (BEA) and OTA using Equation (1) and observed synergistic effect
for two combinations. Mathematically, this approach would be incorrect most of the time because the
dose-effect curve is not linear. Using the data on cytotoxicity of OTA alone of the mentioned paper,
it is easy to see that using this method we can prove that OTA applied in combination with itself at
concentrations of 5 μM and 5 μM revealed an antagonistic effect; the expected cell viability would be
around 20%, while the observed value for cell viability after treatment with 10 μM ochratoxin A was
around 50% (Figure 1). Interestingly, despite an inaccurate estimation of expected effects, this model
was widely applied; Alassane-Kpembi et al. [18] in their review cited 52 studies out of 83 that used
this method.

 

Figure 1. Cytotoxicity of OTA (5 μM and 10 μM observed) on PK15 cells after 24 h of exposure [34];
arithmetic additivity calculation shows that upon treatment with 5 + 5 μM of OTA expected viability is
much lower than observed viability indicating antagonism (no copyright permission needed as we
created this figure).
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Some studies presented in Table 1 [35,36] used simple addition of effects according to Weber et al. [24]
who modified Equation (1) by subtracting the 100% (or 1) from the sum of the mean effects. Needless
to say, the unexplained subtraction of 100% did not account for the non-linearity of the dose
response curves.

2.2. Factorial Analysis of Variance

This model uses simple 2-way ANOVA for modelling the detection of interactions between two
mycotoxins (Equation (2)):

E = β0 + β1 × D1 + β2 × D2 + β3 × D1 × D2 (2)

where E is the estimated effect, β0 is the part of the effect achieved by negative control, β1/β2 is the
coefficient that increases effect for each increase in one unit of dose D1/D2 of mycotoxin M1/M2 and β3

is the interaction term.
Eight studies that have used this approach to define mycotoxin interactions were reviewed in

detail by Alassane-Kpembi et al. [18]. If the interaction term was significantly (in a statistical manner)
different than zero, it was concluded that an interaction between mycotoxins occurred. The main
problem with this method is that ANOVA can be very misleading, similarly to the simple addition
of effects method because ANOVA is based on linear modelling which is not useful for modelling
nonlinear dose-effect curves [25]. This method was recently applied in only one study for testing the
dual combination effects of ZEN and OTA or α-ZEL in HepG2 cells [37], as summarized in Table 1.

2.3. Bliss Independence Criterion

Bliss introduced this model in 1939 for predicting the proportion of animals that will die after
combining two toxins under the assumption that there is no interaction between the toxins (i.e., they
have completely different mechanisms of action or act in different compartments):

Eexp = 1 − (1 − EM1) × (1 − EM2) = EM1 + EM2 − EM1 × EM2 (3)

where Eexp is the expected effect of a combination of mycotoxin M1 in dose D1 and mycotoxin M2 in
dose D2, while EM1 and EM2 are the effects of single tested mycotoxins M1 and M2 in doses D1 and D2,
respectively [26], all effects need to be expressed as proportions ranging from 0 to 1 (Equation (3)).

Similarly to the simple addition of effects, Bliss can result in a detection of an interaction of some
mycotoxin with itself but that is not possible in model validation since this would a priori violate the
assumption of two toxins acting independently.

Several of the recent studies listed in Table 1 simultaneously used different mathematical models,
e.g., response additivity and Bliss independence criterion [38,39] or Bliss independence and Loewe
additivity [40] or Chou-Talalay method [39,41]. As expected, these studies obtained different conclusions
on mycotoxin interactions depending on the mathematical models that have been applied. For example,
Smit et al. [39] obtained a synergism of DON + ZEN at low and medium concentrations by both
response additivity and Bliss independence model; while at high concentrations in combinations, an
additive effect was obtained with Bliss independence model and antagonism by response additivity.

2.4. Loewe’s Additivity Law

Loewe’s additivity law (also called isobolografic method, concentration additivity or dose
additivity) assumes that mycotoxins act within the same compartment on the same biological size
by the same mechanism. The only difference is in their potency. This model is based on the dose
equivalence principle and the sham combination principle; in short, every dose D1 of mycotoxin M1

gives an equal effect as D 2(1) of mycotoxin M2, and vice versa, and any D2(1) can be added to any other
dose of D2 to show the additive effect [27] as presented by Equation (4):
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E (D1 + D2) = E (D1 + D1(2)) = E (D2(1) +D2) (4)

where E is the effect, D1 is the dose of mycotoxin M1, D2 is the dose of mycotoxin M2, D1(2) dose of
mycotoxin M1 that provokes same effect as D2 dose of mycotoxin M2, D2(1) dose of mycotoxin M2 that
provokes same effect as D1 of mycotoxin M1. For additive effects, the following Equation (5) is valid:

D1/DE1 + D2/DE2 = 1, (5)

where D1 and D2 are the doses of mycotoxins M1 and M2 applied in combination, and DE1 and DE2 are
the dose of mycotoxin M1 and M2 applied alone. All doses (D1+D2, DE1 or DE2) result with the same
effect E.

Additionally, Loewe’s additivity law makes a larger number of assumptions; each mycotoxin in a
mixture must have an equal maximum effect and all log(dose)-effect curves must be parallel and have
constant relative potency [42,43], according to Equation (6):

(R = DE1/DE2) (6)

Finding two mycotoxins in a combination that fulfils all of these assumptions seems somewhat
impossible. For example, apart from the Bliss independence criterion, Li et al. [44] also used this method
(as a concentration addition model) to assess the nature of interaction between OTA and ZEN. Since
their dose-effect curves did not meet all of the assumptions, it is easy to see that Equation (4), on which
Loewe’s additivity law is based, does not hold true when we assign the values EC10 (OTA) = 0.8 μM
and EC10 (ZEN) = 11.84 μM [44], and try to apply the main principles of dose equivalence and sham
combination of this model (Equations (7) and (8)):

E (EC10 OTA + EC 10 ZEN) = E (EC10 OTA + EC10 OTA) = E (EC10 ZEN + EC10 ZEN) (7)

E (2 × 0.8 μM of OTA) = E (2 × 11.84 μM of ZEN) (8)

This does not seem to be correct according to the dose-response curves for OTA (E (1.60 μM of
OTA) ≈ 30%) and ZEN (E (23.68 μM of ZEN) ≈ 50%) presented in aforementioned article [44], which
raises the question: can the observed synergies be trusted at all?

Even though this model is mathematically valid, due to the excessive number of assumptions
that need to be fulfilled, this model probably remains inapplicable for assessing combinations of
mycotoxins [43].

2.5. Response Surface

Some authors expanded the Loewe’s additivity law and Bliss independence criterion to the whole
surface defined by all predicted additive concentration combinations (in all ratios, for all effects) [45,46]
as presented in Table 1. In mycotoxicology, Assunção et al. [46] implemented model generalization
built by Jonker et al. [28]. They estimated the deviation from Loewe’s additivity law by Equation (9):

D1/DE1 + D2/DE2 = eG (9)

where G is the deviation function defined separately for 4 models. If G = 0, then Equation (9) collapses
to Equation (5), suggesting an additive effect. To test for synergism or antagonism G is substituted
with (Equation (10)):

G (z1, z2) = a × z1 × z2 (10)

where parameter a is less than zero for synergisms and greater than zero for antagonisms, z1 and z2

are relative contribution to toxicity, i.e., for z1 as presented by Equation (11):

z1 = D1/DE1 / (D1/DE1 + D2/DE2) (11)
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Jonker et al. [28] also define more complicated interaction patterns between two toxins and
with the inclusion of parameters b1 for detection of dose ratio-dependent deviation (Equation (12)),
and parameters bDL for the detection of dose level-dependent deviations (Equation (13)) from a
non-interacting additive model:

G (z1, z2) = (a + b1 × z1) × z1 × z2 (12)

G (z1, z2) = a × (1 − bDL × (D1/DM1 + D2/DM2)) × z1 × z2 (13)

The procedure by Jonker et al. [28] suggests fitting all four models (defined by four deviation
functions) and then choosing the best one to make conclusions about the nature of the interaction
at different dose ratios or dose levels based on parameters a, b1, and bDL according to Table 1 of
Jonker et al. [28].

This method provides more information than the other methods mentioned in this article, but it
comes with a greater cost of the experiment since a checkerboard experimental design is needed, with
dense concentration ranges in all combinations.

2.6. Highest Single Agent (HSA) Model

This model is also referred to as the Gaddums non-interaction [32], it defines the expected effect
as the maximum of single mycotoxin effects (Equation (14)):

Eexp = max (EM1, EM2) (14)

where Eexp is the expected effect of a combination of mycotoxin M1 in dose D1 and mycotoxin M2 in
dose D2, while EM1 and EM2 are the effects of single tested mycotoxins M1 and M2 in doses D1 and
D2, respectively.

Because of underestimations of the expected combination effect, this model is not appropriate for
detection of synergistic effects, except in cases: (i) where one compound is completely inactive at any
concentration for the measured effect (which is rare in the field of mycotoxins); (ii) where a mycotoxin
with maximal effect does not reach full effect (i.e., never suppresses viability to 0%). On the other hand,
this method is useful for detecting antagonistic effects since observing a combination effect less than
the maximal effect of a mycotoxin alone clearly demonstrates an interaction of antagonistic nature.
However, underestimations of the expected combination effect can hide milder antagonistic effects.
The great advantage of this model is the financial cost of the experiment: to prove an antagonistic effect,
it is sufficient to test three concentrations, each mycotoxin alone and a combination of the mycotoxins.
Another advantage is that this method is also independent of the mechanism of action, and it does
not make any assumptions on the dose-effect curve. However, this simple approach has never been
applied in mycotoxicology.

36



Toxins 2020, 12, 153

T
a

b
le

1
.

In
te

ra
ct

io
ns

be
tw

ee
n

m
yc

ot
ox

in
co

m
bi

na
ti

on
s

in
vi

tr
o

as
se

ss
ed

by
si

m
pl

e
ad

d
it

io
n

of
eff

ec
ts

,f
ul

lf
ac

to
ri

al
an

al
ys

is
,B

lis
s

in
d

ep
en

d
en

ce
cr

it
er

io
n,

L
oe

w
e

ad
di

ti
vi

ty
la

w
an

d
re

sp
on

se
su

rf
ac

e.

M
y

co
to

x
in

C
o

m
b

in
a

ti
o

n
In

Vi
tr

o
M

o
d

e
l

M
a

th
e

m
a

ti
ca

l
M

o
d

e
l

A
p

p
li

e
d

fo
r

th
e

E
n

d
p

o
in

t
E

n
d

p
o

in
t

C
o

m
b

in
e

d
E
ff

e
ct

R
e

fe
re

n
ce

A
FM

1
+

O
TA

C
ac

o-
2/

hu
m

an
co

lo
n

H
T2

9-
M

TX
co

-c
ul

tu
re

s
(1

00
/0

,9
0/

10
,7

5/
25

an
d

0/
10

0)

Si
m

pl
e

ad
di

tio
n

of
eff

ec
ts

C
el

lv
ia

bi
lit

y
(E

nh
an

ce
d

C
el

lC
ou

nt
in

g
K

it
-8

,C
C

K
-8

):
sy

ne
rg

is
m

in
al

lc
ul

tu
re

s
TE

ER
:

an
ta

go
ni

sm
in

al
lc

ul
tu

re
s,

ex
ce

pt
ad

di
tiv

e
eff

ec
ti

n
90
/1

0
co

-c
ul

tu
re

In
te

st
in

al
m

uc
in

M
U

C
2

an
d

M
U

C
5B

m
R

N
A

ex
pr

es
si

on
:

sy
ne

rg
is

ti
c

eff
ec

ti
n

75
/2

5
an

d
0/

10
0

cu
lt

ur
es

at
4
μ

g/
m

L
ad

di
ti

ve
eff

ec
ts

at
th

e
lo

w
co

nc
en

tr
at

io
n

(0
.0

5
μ

g/
m

L)
cu

lt
ur

e,
an

ta
go

ni
st

ic
eff

ec
ts

in
10

0/
0

an
d

90
/1

0
cu

lt
ur

es
at

4
μ

g/
m

L
In

te
st

in
al

m
uc

in
M

U
C

5A
C

m
R

N
A

ex
pr

es
si

on
:

an
ta

go
ni

st
ic

eff
ec

ti
n

10
0/

0
cu

lt
ur

es
,a

n
ad

di
ti

ve
eff

ec
ti

n
0/

10
0

cu
lt

ur
es

at
tw

o
co

nc
en

tr
at

io
ns

of
th

e
m

ix
tu

re
s

In
te

st
in

al
m

uc
in

M
U

C
5A

C
,M

U
C

2
A

N
D

M
U

C
5B

on
pr

ot
ei

n
le

ve
l:

sy
ne

rg
is

m
at

0.
05

an
d

4
μ

g/
m

L
ad

di
ti

ve
eff

ec
ta

t0
.0

5
μ

g/
m

L
in

75
/2

5
an

d
90
/1

0
cu

lt
ur

es

[3
5]

A
FB

1
+

FB
1

H
ep

G
2

ce
lls

Si
m

pl
e

ad
di

tio
n

of
eff

ec
ts

an
d

fa
ct

or
ia

la
na

ly
si

s
(t

w
o-

w
ay

A
N

O
VA

)

C
el

lc
yc

le
an

al
ys

is
(fl

ow
ci

to
m

et
ry

as
sa

y)
:

sy
ne

rg
is

m
on

ap
op

to
si

s
at

10
%

an
d

30
%

of
IC

50
[3

6]

Z
EN

(3
0

or
60

μ
M

)
+

O
TA

(6
or

12
μ

M
)

Z
EN

(3
0

or
60

μ
M

)
+
α

-Z
EL

(1
5

or
30

μ
M

)

H
ep

G
2

ce
lls

Fu
ll

fa
ct

or
ia

la
na

ly
si

s:
3
×3

tw
o-

w
ay

A
N

O
VA

m
at

ri
x

C
yt

ot
ox

ic
it

y
(M

T
T

te
st

):
sy

ne
rg

is
m

of
Z

EN
(6

0
μ

M
)+

α
-Z

EL
(1

5
or

30
μ

M
)

an
ta

go
ni

sm
in

al
lo

th
er

co
m

bi
na

ti
on

s
O

xi
da

ti
ve

st
re

ss
pa

ra
m

et
er

s
(M

D
A

,G
SH

,G
px

,S
O

D
):

sy
ne

rg
is

m
of

Z
EN

(6
0
μ

M
)+

α
-Z

EL
(1

5
or

30
μ

M
)

an
ta

go
ni

sm
in

al
lo

th
er

co
m

bi
na

ti
on

s

[3
7]

D
O

N
+

Z
EN

Bi
-a

nd
tr

i-
cu

lt
ur

e
sy

st
em

s:
A

)C
ac

o-
2

an
d

H
ep

aR
G

;
B)

C
ac

o-
2

an
d

TH
P-

1;
C

)H
ep

aR
G

an
d

TH
P-

1
D

)C
ac

o-
2,

H
ep

aR
G

an
d

TH
P-

1

R
es

po
ns

e
ad

di
ti

vi
ty

,
C

I R
A

)a
nd

Bl
is

s
in

de
pe

nd
en

ce
cr

it
er

io
n

(i
nd

ep
en

de
nt

jo
in

t
ac

ti
on

,C
I Ij

A
);

IC
10

(1
:1

)
an

d
IC

30
(1

:1
)

C
yt

ot
ox

ic
it

y
(M

T
S

te
st

):
ad

di
ti

ve
eff

ec
tf

or
co

m
bi

na
ti

on
of

IC
10

in
A

–D
(C

I R
A

an
d

C
I Ij

A
)

sy
ne

rg
is

m
fo

r
co

m
bi

na
ti

on
of

IC
30

in
A

–C
(C

I R
A

an
d

C
I Ij

A
)

ad
di

ti
ve

eff
ec

tf
or

co
m

bi
na

ti
on

of
IC

30
in

D
(C

I R
A

an
d

C
I Ij

A
)

[3
8]

37



Toxins 2020, 12, 153

T
a

b
le

1
.

C
on

t.

M
y

co
to

x
in

C
o

m
b

in
a

ti
o

n
In

Vi
tr

o
M

o
d

e
l

M
a

th
e

m
a

ti
ca

l
M

o
d

e
l

A
p

p
li

e
d

fo
r

th
e

E
n

d
p

o
in

t
E

n
d

p
o

in
t

C
o

m
b

in
e

d
E
ff

e
ct

R
e

fe
re

n
ce

D
O

N
+

M
O

N
D

O
N
+

FB
1

D
O

N
+

Z
EN

N
IV
+

T-
2

H
ep

aR
G

ce
lls

R
es

po
ns

e
ad

di
ti

vi
ty

(C
I R

A
)a

nd
Bl

is
s

in
de

pe
nd

en
ce

cr
it

er
io

n
(i

nd
ep

en
de

nt
jo

in
t

ac
ti

on
,C

I Ij
A

)

C
yt

ot
ox

ic
it

y
(M

T
S)

:
sy

ne
rg

is
m

of
D

O
N
+

M
O

N
in

al
lc

om
bi

na
ti

on
s

ex
ce

pt
ad

di
ti

ve
eff

ec
ta

th
ig

he
st

co
nc

en
tr

at
io

n
(1

:1
)(

C
I R

A
an

d
C

I Ij
A

)
sy

ne
rg

is
m

of
D

O
N
+

FB
1

in
al

lc
om

bi
na

ti
on

s
(C

I R
A

an
d

C
I Ij

A
)

ex
ce

pt
ad

di
ti

ve
eff

ec
ta

th
ig

he
st

co
nc

en
tr

at
io

n
(1

:1
)(

C
I R

A
)

sy
ne

rg
is

m
of

D
O

N
+

Z
EN

at
lo

w
an

d
m

ed
iu

m
co

nc
en

tr
at

io
ns

(C
I R

A
an

d
C

I Ij
A

);
ad

di
ti

ve
eff

ec
t(

C
I IJ

A
)a

nd
an

ta
go

ni
sm

at
hi

gh
co

nc
en

tr
at

io
ns

(C
R

A
)

N
IV
+

T-
2

sy
ne

rg
is

m
at

lo
w

co
nc

en
tr

at
io

ns
(C

I R
A

an
d

C
I Ij

A
);

ad
di

ti
ve

eff
ec

to
r

an
ta

go
ni

sm
(C

I IJ
A

)a
nd

an
ta

go
ni

sm
at

m
ed

iu
m

an
d

hi
gh

co
nc

en
tr

at
io

ns
(C

I R
A

)

[3
9]

A
FB

1
+

Z
EN

A
FB

1
+

D
O

N
Z

EN
+

D
O

N
A

FB
1
+

Z
EN
+

D
O

N

H
ep

G
2

ce
lls

Bl
is

s
in

de
pe

nd
en

ce
cr

it
er

io
n

(I
A

)a
nd

Lo
ew

e
ad

di
ti

vi
ty

m
od

el
s

(C
A

);
C

I-
Is

ob
ol

og
ra

m
m

et
ho

d

C
el

ln
um

be
r

(h
ig

h
co

nt
en

ta
na

ly
si

s
by

flu
or

es
ce

nt
la

be
lli

ng
:

IA
an

d
C

A
m

od
el

:d
ev

ia
ti

on
fr

om
th

e
ob

ta
in

ed
re

su
lt

s;
be

tt
er

co
ns

is
te

nc
y

w
as

ac
hi

ev
ed

by
C

A
m

od
el

;
C

Im
od

el
:a

nt
ag

on
is

m
at

lo
w

fr
ac

ti
on

aff
ec

te
d

(0
.0

5–
0.

15
)c

ha
ng

in
g

to
ad

di
tiv

e
an

d
sy

ne
rg

is
tic

eff
ec

ta
s

fr
ac

tio
n

aff
ec

te
d

in
cr

ea
se

s
fo

r
al

l
co

m
bi

na
ti

on
s

[4
0]

Te
A
+

EN
N

B;
Te

A
+

Z
EN

;T
eA
+

D
O

N
;T

eA
+

N
IV

;
Te

A
+

A
U

R
O

;E
N

N
B
+

Z
EN

;E
N

N
B
+

D
O

N
;E

N
N

B
+

N
IV

EN
N

B
+

A
U

R
O

;
Z

EN
+

D
O

N
;Z

EN
+

N
IV

;Z
EN
+

A
U

R
O

;D
O

N
+

N
IV

;D
O

N
+

A
U

R
O

C
ac

o-
2

ce
lls

Bl
is

s
in

de
pe

nd
en

ce
cr

it
er

io
n

co
m

bi
ne

d
w

it
h

C
Ic

al
cu

la
te

d
by

C
ho

u
(C

)a
nd

C
ho

u-
Ta

la
la

y
(C

T)
m

et
ho

d

C
yt

ot
xi

ci
ty

(W
ST

-1
te

st
):

ad
di

ti
ve

eff
ec

ts
of

bi
na

ry
m

ix
tu

re
s

at
lo

w
co

nc
en

tr
at

io
ns

ca
lc

ul
at

ed
by

Bl
is

s
in

de
pe

nd
en

ce
cr

it
er

io
n

an
ta

go
ni

sm
of

bi
na

ry
m

ix
tu

re
s

EN
N

B,
Z

EN
an

d
D

O
N

as
w

el
la

s
bi

na
ry

co
m

bi
na

ti
on

s
of

Fu
sa

ri
um

to
xi

ns
w

it
h

Te
A

ap
pl

ie
d

at
cy

to
to

xi
c

co
nc

en
tr

at
io

ns
as

ca
lc

ul
at

ed
by

C
I

[4
1]

A
TX

II
+

A
O

H
H

ep
G

2,
H

T2
9

ce
lls

an
d

hu
m

an
co

rn
ea

l
ep

it
he

lia
lH

C
EC

ce
lls

Bl
is

s
in

de
pe

nd
en

ce
cr

it
er

io
n,

co
ns

ta
nt

ra
ti

o
of

1:
10

or
1:

1

C
yt

ot
ox

ic
it

y
(W

ST
-1

te
st

):
do

m
in

an
ta

dd
it

iv
e

eff
ec

ti
n

al
lc

el
ll

in
es

an
ta

go
ni

sm
in

sp
ec

ifi
c

do
se

s
of

ra
ti

os
1:

10
or

1:
1

[4
7]

38



Toxins 2020, 12, 153

T
a

b
le

1
.

C
on

t.

M
y

co
to

x
in

C
o

m
b

in
a

ti
o

n
In

Vi
tr

o
M

o
d

e
l

M
a

th
e

m
a

ti
ca

l
M

o
d

e
l

A
p

p
li

e
d

fo
r

th
e

E
n

d
p

o
in

t
E

n
d

p
o

in
t

C
o

m
b

in
e

d
E
ff

e
ct

R
e

fe
re

n
ce

A
O

H
+

D
O

N
A

O
H
+

Z
EN

Z
EN
+

D
O

N
A

O
H
+

D
O

N
+

Z
EN

TH
P-

1
m

on
oc

yt
es

di
ff

er
en

ti
at

ed
in

to
m

ac
ro

ph
ag

es

C
on

ce
nt

ra
ti

on
ad

di
ti

on
(C

A
)a

nd
in

de
pe

nd
en

t
ac

ti
on

(I
A

)m
od

el
at

eq
ua

le
ff

ec
t

co
nc

en
tr

at
io

n

C
D

14
ex

pr
es

si
on

:
sy

ne
rg

is
m

of
A

O
H
+

D
O

N
ap

pl
ie

d
at

lo
w

co
nc

en
tr

at
io

ns
ad

di
ti

ve
eff

ec
ts

of
bi

na
ry

an
d

te
rt

ia
ry

m
ix

tu
re

s
of

A
O

H
,Z

EN
an

d
D

O
N

,a
s

ca
lc

ul
at

ed
by

bo
th

C
A

an
d

IA

[4
8]

C
IT
+

O
TA

O
TA
+

PA
T

O
TA
+

M
PA

O
TA
+

PA
C

IT
+

PA
T

C
IT
+

M
PA

C
IT
+

PA
PA

T
+

M
PA

PA
T
+

PA
M

PA
+

PA

Bo
vi

ne
pe

ri
to

ne
al

m
ac

ro
ph

ag
e

Bo
M

ac
s

ce
lls

C
A

an
d

IA
m

od
el

;
Pe

ni
ci

lli
um

to
xi

ns
in

IC
25

,
1 2

IC
25

an
d

1 4
IC

25

C
el

lp
ro

lif
er

at
io

n
(C

yQ
U

A
N

T®
G

R
dy

e)
:

C
IT
+

O
TA

sy
ne

rg
is

m
at

1 2
IC

25
(C

A
,I

A
)

O
TA
+

PA
T

ad
di

ti
ve

eff
ec

ts
(C

A
,I

A
)

O
TA
+

M
PA

sy
ne

rg
is

m
at

IC
25

,
1 2

IC
25

an
d

1 4
IC

25
(C

A
)

O
TA
+

PA
sy

ne
rg

is
m

at
IC

25
an

d
1 4

IC
25

(C
A

)
-C

IT
+

PA
T

an
ta

go
ni

sm
at

1 2
IC

25
(C

A
)

C
IT
+

M
PA

in
co

nc
lu

si
ve

(s
yn

er
gi

sm
C

A
,a

nt
ag

on
is

m
IA

)
C

IT
+

PA
an

ta
go

ni
sm

at
IC

25
,

1 2
IC

25
(I

A
)

PA
T
+

M
PA

an
ta

go
ni

sm
at

IC
25

,
1 2

IC
25

an
d

1 4
IC

25
(I

A
)

PA
T
+

PA
sy

ne
rg

is
m

at
1 2

IC
25

;a
nt

ag
on

is
m

at
IC

25
M

PA
+

PA
in

co
nc

lu
si

ve

[4
5]

O
TA
+

PA
T

C
ac

o-
2

ce
lls

C
on

ce
nt

ra
ti

on
ad

di
ti

on
m

od
el

(C
A

)a
nd

in
de

pe
nd

en
ta

ct
io

n
(I

A
)

m
od

el
w

it
h

Jo
nk

er
’s

ge
ne

ra
liz

at
io

n
[2

8]

C
yt

ot
ox

ic
it

y
(M

T
T

te
st

):
-a

dd
it

iv
e

eff
ec

ts
(C

A
)

sy
ne

rg
is

m
at

hi
gh

co
nc

en
tr

at
io

n
of

O
TA

an
d

lo
w

of
PA

T
(I

A
)

an
ta

go
ni

sm
at

hi
gh

co
nc

en
tr

at
io

n
of

PA
T

an
d

lo
w

of
O

TA
(I

A
)

G
as

tr
oi

nt
es

ti
na

lb
ar

ri
er

in
te

gr
it

y
(T

EE
R

as
sa

y)
:

sy
ne

rg
is

m
at

lo
w

co
nc

en
tr

at
io

n
an

d
an

ta
go

ni
sm

at
hi

gh
co

nc
en

tr
at

io
n;

th
e

ch
an

ge
fr

om
sy

ne
rg

is
m

to
an

ta
go

ni
sm

at
hi

gh
er

IC
50

le
ve

l(
C

A
,I

A
)

G
en

ot
ox

ic
it

y
(a

lk
al

in
e

co
m

et
te

st
):

no
do

se
-e
ff

ec
tr

el
at

io
ns

hi
p

of
th

e
si

ng
le

to
xi

ns
;m

at
he

m
at

ic
al

m
od

el
lin

g
w

as
no

ta
pp

lic
ab

le
fo

r
th

e
m

ix
tu

re

[4
6]

A
FB

1
an

d
A

FM
1:

afl
at

ox
in

B 1
an

d
M

1,
D

O
N

:d
eo

xy
ni

va
le

no
l,

Z
EN

:z
ea

ra
le

no
ne

,α
an

d
β

-Z
EL

:α
an

d
β

-z
ea

ra
le

no
l,

O
TA

:o
ch

ra
to

xi
n

A
,F

B 1
:f

um
on

is
n

B 1
,P

A
T:

pa
tu

lin
,C

IT
:c

itr
in

in
,M

PA
:

m
yc

op
he

no
lic

ac
id

,P
A

:p
en

ic
ill

ic
ac

id
,N

IV
:n

iv
al

en
ol

,E
N

N
A

an
d

B:
en

ni
at

in
s

A
an

d
B,

A
U

R
O

:a
ur

of
us

ar
in

,A
O

H
:a

lte
rn

ar
io

l,
A

TX
II

:a
lte

rt
ox

in
II

,T
eA

:t
en

ua
so

ic
ac

id
,I

C
10

–9
0:

in
hi

bi
to

ry
co

nc
en

tr
at

io
n

10
–9

0%
,M

D
A

:m
al

on
dy

al
de

hi
de

,G
SH

:g
lu

ta
th

io
ne

,G
px

:g
lu

ta
th

io
ne

pe
ro

xi
da

se
,S

O
D

:s
up

er
ox

id
e

di
sm

ut
as

e,
M

TT
:(

3-
(4

,5
di

m
et

hy
lth

ia
zo

l-2
-y

l)-
2,

5-
di

ph
en

yl
te

tr
az

ol
iu

m
br

om
id

e)
te

tr
az

ol
iu

m
,T

EE
R

:t
ra

ns
ep

it
he

lia
l/t

ra
ns

en
do

th
el

ia
le

le
ct

ri
ca

lr
es

is
ta

nc
e,

M
TS

:(
3-

(4
,5

-d
im

et
hy

lt
hi

az
ol

-2
-y

l)
-5

-(
3-

ca
rb

ox
ym

et
ho

xy
ph

en
yl

)-
2-

(4
-s

ul
fo

ph
en

yl
)-

2H
te

tr
az

ol
iu

m
.

39



Toxins 2020, 12, 153

2.7. Combination Index and Isobologram Analysis

Applying Loewe’s additivity law or similar methods can allow researchers to use the
Interaction/combination index which is based on Equation (5) for describing the nature of the
combination effect (Equation (15)):

CI = D1/DE1 + D2/DE2, (15)

where CI is the interaction/combination index: CI < 1 indicates synergism, CI = 1 indicates an additive
effect and CI > 1 indicates an antagonism [29]. Isobologram analysis is just a “fancy” name for
the graphical representation of the combination index for the same effect in different ratios of two
mycotoxins. It is a simple plot with the dose/concentration of mycotoxin 1 on the x axis and the
dose/concentration of mycotoxin 2 on the y axis. The characteristic line, isobole, connects the y intercept
and x intercept which represents the doses needed for achieving a defined effect (i.e., 50%) for single
acting mycotoxins. Plotting the dot with coordinates of doses in combination that achieve the same
defined effect gives us a clue about the nature of the combination effect. All of the dots below the isobole
indicate synergy, the dots above the isobole indicate antagonism, while the dots on the isobole indicate
a possible additive effect [49]. The combination index and isobologram method were applied in 15
studies reviewed in Alassane-Kpembi et al. [18] and was the second most used method for assessing
mycotoxin interactions and much more appropriate than the arithmetic definition of additivity or
factorial design.

The problems of not meeting the assumptions of Loewe’s additivity law affect the combination
index and isobologram. For example, if the two dose-response curves are not parallel, instead of
one linear isobole, there will be two curvilinear isoboles around the former, linear one. The area
between the two new curvilinear isoboles is not an area of synergy, nor is it an area of antagonism [43].
A recent study by Anastasiadi et al. [50] generalized the Loewe’s model accounting for nonparallel
dose-response curves. As a result, Equation (15) was expanded to Equation (16):

CI = (D1/DE1)m1/m2 + D2/DE2, m1 <m2 (16)

where m1 and m2 are the slopes of the dose-response curves for mycotoxin 1 and mycotoxin 2.
Recently we tested the cytotoxicity (MTT test, 24 h) of single CIT, STC and 5-M-STC and

dual combinations of CIT with STC and 5-M-STC in A549 cells (Table 2). The cytotoxicity of the
mycotoxins was as follows: 5-M-STC (IC50 = 5.5 μM) > STC (IC50 = 60 μM) > CIT (IC50 =128 μM).
Mycotoxin interactions of 1:1, 1:2 and 2:1 of IC50 concentration ratios were tested by applying a
concentration addition model with correction for unparalleled dose-response curves as developed by
Anastasiadi et al. [50], as presented in Figure 2.

2.8. Chou and Talalay’s Median Effect Approach

Chou and Talalay developed a unified general theory for the Michaelis-Menten, Hill,
Henderson-Hasselbalch, and Scatchard equations, mathematically presented by Equation (17):

E = 1/1 + (DM/D)m (17)

where E is the effect (between 0 and 1), D is the dose, DM is the median effective dose (i.e., EC50) and m
is a parameter for shape definition (if m < 1 dose-effect curve is hyperbolic, and if m ≥ 1 dose-effect
curve is sigmoidal) [30]. Using Equation (17), it is possible to estimate the doses needed to achieve a
particular effect which can be used in Equation (15) for the estimation of CI, which is then used for
assessing the nature of the combination effect. Similarly to Loewe’s additivity model, the isobologram
can be constructed. The Chou-Talalay model combined with an isobologram has been applied in the
majority of the recently published studies [39,51–65] listed in Table 2. Its great advantage is the recent
development of a method for the estimation of confidence intervals for the combination index which
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enables the application of statistics [66]. This method can easily be implemented using the web-based
CalcuSyn software which automatically calculates dose-effect curves and combination indices.

 

Figure 2. Combination indices calculated according to Anastasiadi et al. [50] accounting for different
slopes of dose-response curves, 95% confidence interval (CI) was estimated using Monte Carlo
simulations (N = 10000). All dose-response curves were fitted using non-linear regression. Results show
mostly additive effect, with an exception of CIT + 5-M-STC combination which shows antagonistic
effect in the area of up to 20% of cells affected, and CIT + STC combination (only 1 IC50: 1 IC50 ratio) in
the area of 25–50% of cells affected.
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2.9. MixLow Method

Compared to the Chou-Talalay method, the MixLow method (Table 2) used by Lin et al. [67]
improves model fitting and removes bias by fitting the log-logistic curve without prior linearization,
similarly to the CISNE method (discussed in Section 2.10). However, another improvement of the
MixLow method is the inclusion of random effects in a model that can account for different batches
(trays) in the experiment and fit the model for both toxins and combination simultaneously [31]. Mixed
modelling enables a more precise estimation of the combination index’s (CI, here called Loewe’s index)
and more reliable confidence intervals or standard errors by accounting for both the error of single
applied mycotoxins and combinations.

The MixLow method comes with the mixlow R package, which also includes functions for
straigthforward data import and minimal data preprocessing, especially if the pattern suggested on
the tray is followed during experimental design [68].

2.10. CISNE (Code for the Identification of Synergism Numerically Efficient)

Even though Chou-Talalay’s method exceeded two and a half thousand citations in relevant
article databases, it does possess some technical problems in model fitting leading to bias inclusion
in parameter estimation. By Chou-Talalay’s protocol Equation (17) is rearranged and transformed to
linear form (Equation (18)):

log[E/(1 − E)] =m × log(D) −m × log(DM), (18)

where y is log[E/(1 − E)], the intercept is -m × log(DM), the slope is m, and x is the log(D) of the linear
equation form. Estimating slope and intercept by least squares fit, and calculating Dm as presented by
Equation (19):

DM = e−intercept/slope (19)

This leads to bias, along with the exclusion of data points with effects smaller than 0% or larger
than 100% (i.e., stimulation) which could not be used in the logarithm on the left side of Equation
(18). García-Fuente et al. [33] showed that these biases can lead to significant false positive or false
negative errors, depending on the slope of the dose-response curve. They also found that fitting the
same equation as a non-linear regression model estimates model parameters better and reduces the
rate of false positives or negatives, especially when the slope (m) deviates from 1. This non-linear
regression can be easily applied using the free CISNE software [69]. In contrast, it has not yet been
applied in mycotoxicology combination testing.

2.11. Other methods

Most of the recent studies used mathematical modelling according to Bliss or/and Loewe (or
some modified Loewe’s method) for assessing the nature of the effect of combination of mycotoxins.
However several in vitro studies assed mycotoxin combined effects comparing the effect of combination
to the effect of single mycotoxin [70–72] or only to negative controls [73–76] without estimating the
theoretical (expected) effect of the combination (Table 3). Conclusions based on those studies are
unreliable because the question of the nature of interaction of combination has not even been asked
in a scientific manner to get a clear and exact answer. For example, Smith et al. [75] did not define
the nature DON + ZEN interaction in HepRG cells; since the cytotoxic effect of a single DON was
similar to the effect of DON + ZEN, it was concluded that a combined effect could not be classified as
antagonistic nor synergistic. Any conclusion about an antagonistic or synergistic effect should include
the effect of ZEN too, since it is a part of the mycotoxin combination.
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3. Conclusions

Some of the methods found in studies assessing the effects of mycotoxins combination have been
incorrectly based on the assumption that mycotoxin dose-effect curves are linear (simple addition of
effects, factorial analysis of variance). For that reason, many conclusions have been derived incorrectly
in published articles or review articles based on published data. There are many articles reviewing
methods and discussing the problem of the misuse of some method, but it seems that the problem
persists. The only appropriate approach to assess the nature of an interaction is to correctly estimate
the dose-effect curves of each mycotoxin and combination and apply a well-defined model (based on
Bliss or Loewe’s theory) with respecting the model’s assumptions and fitting the model by a direct
estimation of all model parameters from a nonlinear least squares fitting. Results should be presented
in a simple and clearly defined way (i.e., isobologram or combination index) with some of the most
expected (mean) values accompanied by uncertainty bounds, where a 95% confidence interval should
have priority over the standard error due to asymmetrical distributions.

Improvements to the presented methods are continuously being made but are not readily applied
in the field of mycotoxicology.
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Abstract: Mycotoxins are produced by a number of fungal genera spp., for example, Aspergillus,
Penicillium, Alternaria, Fusarium, and Claviceps. Beauvericin (BEA) and Ochratoxin A (OTA) are
present in various cereal crops and processed grains. This goal of this study was to determine their
combination effect in HepG2 cells, presented for the first time. In this study, the type of interaction
among BEA and OTA through an isobologram method, cell cycle disturbance by flow cytometry,
and genotoxic potential by in vitro micronucleus (MN) assay following the TG 487 (OECD, 2016) of
BEA and OTA individually and combined in HepG2 cells are presented. Cytotoxic concentration
ranges studied by the MTT assay over 24, 48, and 72 h were from 0 to 25 μM for BEA and from 0 to
100 μM for OTA, while BEA + OTA combinations were at a 1:10 ratio from 3.4 to 27.5 μM. The toxicity
observed for BEA was higher than for OTA at all times assayed; additive and synergistic effects
were detected for their mixtures. Cell cycle arrest in the G0/G1 phase was detected for OTA and
BEA + OTA treatments in HepG2 cells. Genotoxicity revealed significant effects for BEA, OTA, and in
combinations underlining the importance of studying real exposure scenarios of chronic exposure
to mycotoxins.

Keywords: ochratoxin A; beauvericin; mixtures; HepG2 cells; genotoxicity; cell cycle

Key Contribution: Single mycotoxins OTA and BEA and their mixtures produce cytotoxicity,
genotoxicity, and cell cycle disturbance in HepG2 cells.

1. Introduction

The presence of mycotoxins in food and feed have associated toxicological effects in consumers
such as nephrotoxicity, hepatotoxicity, teratogenicity, etc., or potential effects such as synergism,
additive or antagonism when a combination of more than one mycotoxin occurs [1–5]. The overall
evidence on mixture effects indicates that combined effects can arise when each mixture component is
present at doses around or above its no-effect level and provides a strong basis for developing robust
approaches to assess the risk of chemical mixtures to support decision making [6].

Studies of mixtures of mycotoxins are directed to find whether there is an interaction between
them, and if so, whether this interaction potentiates or diminishes the toxic effects of mycotoxins tested
individually. When there is no interaction of mycotoxins between them, their effect is described as
additive; while if the combination increases or decreases, the effect expected is described as a synergistic
or antagonistic interaction, respectively. For this purpose, several models can be used to study such
interactions. The mathematical model “Loewe Additivity” uses the isobologram equation proposed
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by Chou and Talalay et al. [7,8], which involves plotting the dose–effect curves (defined to a certain
inhibition level) for each compound and their combinations in multiple diluted concentrations as
described elsewhere [1–3,9].

The presence and co-presence of more than one mycotoxin in food and feed due to the ability
of most Fusarium to simultaneously produce different mycotoxins is very common; thus, exposure
to multi-mycotoxins often occurs [10–12]. Mixtures found worldwide have started to increase and
become more diverse over the last decade due to the climatic changes and favorable growth conditions
of different fungi spp. [12].

The EFSA has recently published a Draft Guidance document where a harmonized risk assessment
methodology for combined exposure to multiple chemicals for all relevant areas is described (EFSA
Journal 2018). There are specific requirements for chemical mixture risk assessment on the use of
pesticides and food and feed additives [13,14], while for some mycotoxins, the sum of T-2 and HT-2 and
the sum of aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), and aflatoxin G2 (AFG2) are
underpinned in Regulation (EC) 1881/2006 [15]; however, neither beauvericin (BEA) nor ochratoxin A
(OTA) are included.

For detecting genotoxicity, micronuclei (MN) induction assay has been accepted, validated, and
recently updated in the Test Guideline 487 (TG 487) by the OECD [16]; and the inclusion of flow
cytometry in the new TG 487 is a novelty which allows to determine cell cycle effect and MN-induction
simultaneously [17,18]. Most of the articles published perform in vitro detection of MN through
cytokinesis-block micronucleus (CBMN) assay for genotoxicity studies of mycotoxins produced by
different fungal genera (Fusarium, Penicillium, and Aspergillus). Studies for Ochratoxin A (OTA), citrinin
(CTN), patulin (PAT), beauvericin (BEA) [19–26], and aflatoxin B1 (AFB1) [27] can be found.

The new findings from cytotoxicity induced by binary mixtures of BEA + OTA in PK-15 cells and
human leukocytes reveal that combined toxicity is higher than predicted from individuals; in fact,
synergism and additive effects have been reported [28].

The in vitro system HepG2 cells are commonly used in toxicological studies. Effects reported for
BEA, OTA, and its combination are diverse and it depends on different factors such as intake dose,
exposure frequency, and timing of functional assays; in fact, their combination effect in HepG2 cells is
here presented for the first time. In this study, the type of interaction between BEA and OTA through
an isobologram method was studied. It is also presented the results of studying cell cycle disturbance
by flow cytometry and genotoxic potential by in vitro micronucleus (MN) assay following the TG
487 [16] for BEA and OTA individually and in different mixtures in HepG2 cells.

2. Results

2.1. Cytotoxicity of Individual and Combined Mycotoxins

Ceauvericin and OTA mycotoxins and their combination on HepG2 cells during 24, 48, and 72 h
were studied through the MTT assay to evaluate the cytotoxicity. The assay was driven to determine
the IC50 (inhibition of cell population to 50%) value. The IC50 values denoted that BEA was above OTA
(BEA > OTA) in toxicity potential when individual treatment was evaluated (Figure 1a,b and Table 1);
however, a dose-dependent manner (Figure 1c) of toxicity in IC50 values was achieved for mixtures
of both mycotoxins. The highest toxic effect belonged to BEA at 72 h expressed by an IC50 level of
5.5 ± 0.071 μM. The IC50 values for each mycotoxin at different times of exposure are shown in Table 1.

For the BEA represented in Figure 1a, a concentration range of 2.5 to 25 μM viability values
decreased in a time-dependent manner. At 24 h, reduction of viability was from 54 to 43%, whereas
the reduction of viability was from 60 to 82% and from 90 to 73% for 48 h and 72 h, respectively.
Figure 1b shows the concentration-dependent decrease of viability of HepG2 cells after OTA treatment.
It produced a reduction of viability from 70 to 30% and from 65 to 47% at 24 and 48 h, respectively,
whereas the reduction of viability for 72 h varied from 93 to 82%.
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Figure 1. Cytotoxicity of BEA (a), OTA (b), and BEA + OTA (c) on HepG2 cells at mycotoxin exposures
of 24, 48, and 72 h. The concentration for OTA mycotoxin was 0–100 μM (1:2 dilution), for BEA 0–25 μM
(1:3 dilution), while for BEA + OTA at 1:10 ratio. * p ≤ 0.05.

Table 1. The medium inhibitory concentration (IC50) of beauvericin (BEA) and Ochratoxin A (OTA) in
HepG2 cells after 24, 48, and 72 h of exposure by MTT assay.

Mycotoxins
IC50 (μM)

24 h 48 h 72 h

OTA 75 ± 0.04 52.62 ± 0.06 36 ± 0.09
BEA 12.5 ± 0.04 7.01 ± 0.05 5.5 ± 0.07

Figure 1c shows the concentration-dependent decrease in the HepG2 cell viability with combined
treatment of BEA + OTA (1:10) at exposure times of 24, 48, and 72 h. The IC50 values were obtained for
24 and 48 h comprised in a concentration mixture range of BEA + OTA from 0.6 + 6.2 to 1.25 + 12.5 μM
for both exposure times. The reduction of viability caused by the mycotoxin combination BEA + OTA
(1:10) was different according to the exposure time: (i) at 24 h it oscillated between 6–49% and 3–26% for
BEA and OTA, respectively, compared to the individual mycotoxin exposure; (ii) at 48 h, the reduction
oscillated between 25–84% and 40–78% for BEA and OTA, respectively, compared to the individual
mycotoxin exposure. Finally, at 72 h, reduction of viability oscillated between 19–77% and 31–83% for
BEA and OTA, respectively, compared to the individual mycotoxin exposure.

The isobologram analysis was used to determine the type of interaction between BEA and OTA.
The parameters Dm, m, and r of the binary and tertiary combinations, as well as mean combination
index (CI) values are shown in Table 2. The CI versus fractional effect (fa) curves for BEA and OTA
combinations in HepG2 cells are shown in Figure 2. Both Table 2 and Figure 2 demonstrated that
the main effect caused by binary mixtures of BEA and OTA is synergism; however, for BEA + OTA
mixture at 24 h, additive effect was observed as well as at 48 h for the highest CI evaluated (Figure 2
and Table 2).
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Figure 2. Combination index (CI) versus fractional effect curve as described by Chou and Talalay [7]
model on HepG2 cells exposed to BEA + OTA (1:10) in binary combination. Each point represents the
CI ± SD at a fractional effect as determined in our experiments. The line (CI = 1) indicates additivity,
the area under this line synergism, and the area above the line antagonism. HepG2 cells were exposed
during 24 (A), 48 (B), and 72 h (C) to BEA + OTA at a molar ratio of 1:10 (equimolar proportion).

2.2. Cell Cycle Distribution in Individual Mycotoxin Exposure

Analysis of DNA content by flow cytometry provides a measure of cell cycle perturbation in
HepG2 cells following exposure to BEA, OTA, and BEA + OTA (Figure 3).

Figure 3. Cell cycle distribution in HepG2 cells exposed after 48 h to BEA (A), OTA (B), and BEA +OTA
(1:10 molar proportion) (C). Data are expressed as mean ± SEM (n = 3). * p ≤ 0.05, ** p ≤ 0.01, and
*** p ≤ 0.001 indicates significant differences compared to control.
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Results for BEA exposure to all concentrations assayed resulted in statistically significant differences
with respect to the control for all phases: G0/G1 (p ≤ 0.001), S (p ≤ 0.01), and G2/M (p ≤ 0.05) (Figure 3A).
Effects observed correspond to a statistically significant decrease in the percentage of the number of
cells compared to the control. For OTA exposure to all concentrations assayed, the results were a
statistically significant increase with respect to the control for the G0/G1 phase (p ≤ 0.001 and p ≤ 0.01
for both higher and lower concentrations, respectively) (Figure 3B). Similarly, this happened for the S
and G2/M phases for doses of 6.2 and 12.5 μM (S phase), and 12.5 and 25 μM (G2/M phase). The sub-G0
phase reported an increase of HepG2 cells at the highest concentration assayed (25 μM, p ≤ 0.01).

Regarding binary mixture BEA + OTA, a statistically significant increase was observed for the
G0/G1 phase at concentrations of 0.31 + 3.12 and 0.62 + 6.25 μM and in the S phase for 1.25 + 12.5 and
2.5 + 25 μM compared to the control (Figure 3C).

2.3. Micronuclei Induction in Individual and Combined Mycotoxin Exposure

Figure 4 collects MN frequencies in HepG2 cells exposed to BEA, OTA, and BEA +OTA. Among all
two individual treatments, the increase effect on MN frequency was detected for BEA at a concentration
of 1.25 μM (14.2 ± 1.1%, p ≤ 0.01). OTA revealed decreasing differences in respect to the no-treatment
control for all concentrations except at 25 μM where statistically significant increases were detected
(p ≤ 0.05). Regarding BEA + OTA combined treatments, increases in MN frequency at the lowest
concentrations assayed were detected as follows: 28.3 ± 1.32% and 24.0 ± 0.97% for 0.31 + 3.12 and
0.62 + 6.25 μM (p ≤ 0.01), respectively.

 
Figure 4. Induction of micronuclei in HepG2 cells treated by BEA, OTA, and BEA + OTA at several
concentrations for 48 h. Results are expressed as a percentage of MN per 20,000 cells ± SEM (n = 3). p ≤
0.05 (*) and p ≤ 0.001 (**), significantly different from the control.

3. Discussion

Cytotoxicity of BEA and OTA in HepG2 cells either in single or combined treatment was
detected; subsequently, cell cycle alterations and micronuclei induction either individually or combined
were assayed.

Among both mycotoxins, literature of OTA is wider than that compared to BEA; therefore, several
studies performed in in vitro or in vivo models can be found. OTA has been classified as group 2B
by the International Agency of Research in Cancer (IARC) and appears in the regulation EC No
1881/2006 [15] and recommendations [29] by the EC in respect to maximum levels in food and feed;
in contrast, BEA is not classified as a carcinogen to humans and is not included in the Commission
Regulation (EC) No 1881/2006 [15], which established maximum levels for specific contaminants to
protect public health. However, efforts are focused in this mycotoxin, since in 2018 the EFSA published
a Scientific Report related to in vivo toxicity and genotoxicity of BEA based on the fact that there are
insufficient data to establish its reference values.

Regarding cytotoxicity, several authors studied OTA (0–200 μM at 4–24 h) in primary rat PT
and LLC-PK1 cells [30], and IC50 values were of 1.1-fold higher and 0.3-fold lower, respectively, to
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each cell line compared to those obtained for HepG2 cells at 24 h in this study. In BME-UV1 and
MDCK cells, OTA IC50 values were 0.8 and 1 μg/mL, respectively, showing a high sensitivity in this
cell type compared with other cell models [31]. The HepG2 cells exposed to OTA (10–50 μM) reached
an IC50 value 0.6-fold lower than that obtained in this study for the same period of time (24 h). This
can be related with the type of cells used; in this study, HepG2 were used, which are characterized
by containing high enzymatic activity. Several studies have revealed alterations in different enzyme
activities after OTA exposure, indicating such effect as a potential target for OTA mycotoxin [32].

On the other hand, cytotoxic studies of BEA can also be found. CCRF-CEM cells exposed to
BEA (1–10 μM) for 24 h [33] revealed an IC50 value 9.8-fold smaller than that of the HepG2 cells in
this study. In HT-29 cells, IC50 values were closer to those reported here differing 0.8- and 0.7-fold
lower for 24 and 48 h, respectively; while for Caco-2 cells, it was 0.6- and 0.5-fold lower for 24 and
48 h, respectively [34,35]. In general terms, comparing data from the literature with the results of this
work, BEA IC50 values of HepG2 cells were smaller than those obtained with other cell lines; however,
for the cell line CHO-K1, higher cytotoxicity was revealed since IC50 values were lower than those
obtained in this study (1.2- and 3.18-fold lower for 24 and 72 h, respectively) [36]. An explanation
for HepG2 sensitivity might be related to the high enzyme activity of these cells and the possibility
that BEA exerts cytotoxicity associated to its hexadepsipeptide structure which is able to affect DNA
migration, intracellular calcium levels, and apoptosis, as reported [28].

A study on PK-15 cells at fixed doses of BEA and OTA revealed decreases in viability for BEA
at 35% (5 μg/mL, 24 h) and 26% (0.5 μg/mL, 48 h); while for OTA at 32% (5 μg/mL, 24 h) and 23%
(0.5 μg/mL, 48 h) but no IC50 values were reached for any mycotoxin [37]. However, human leukocytes
exposed to BEA, OTA, and BEA + OTA after 24 h, reached IC50 values 2.5- and 4.74-fold lower for BEA
and OTA, respectively, compared to those for HepG2 cells reported in this study [28], which coincides
with our results of OTA being less toxic than BEA. When studying BEA + OTA (at a 1:10 ratio) (24 h)
additive and synergism effects were observed in PK-15 cells [28]; at short times (24 h) in our study,
only the additive effect was observed (see Table 2 and Figure 2). Differences in such combination
effects could be associated to cell type but also to the concentration assayed. Klaric et al. [28] assayed
from 3- to 5-times lower than the concentration of BEA and OTA, respectively, when combined,
compared to the ones presented here where the effect was measured with the isobologram analysis,
while Klaric et al. [28] reported effects comparing prediction between expected and measured values.

Cytotoxicity observed in HepG2 cells after exposure to mycotoxins BEA and OTA can interfere in
cell proliferation; so, the study of phases in cell cycle distribution (Figure 3) and its association with
MN induction were studied (Figure 4). In general terms, cell cycle accumulation in the G0/G1 phase
was detected for OTA (all concentrations except at 25 μM) and its combination with BEA (at the lowest
concentrations assayed), while for BEA a decrease in G0/G1 was detected, revealing induction of cell
death at the concentrations assayed. The HepG2 cells need 48 h to occur 1.5–2 times more than the
normal cell cycle division, which is the condition needed to perform the MN assay according to OCDE
TG 487. Cell cycle and MN assays were performed in the same conditions to associate alterations in
cell cycle and MN induction as described by Juan-García et al. [18]. Among that, although there are
few studies carried out in evaluating genotoxicity for BEA and OTA, to our knowledge, this is the first
report on BEA, OTA, and BEA + OTA genotoxicity determined by flow cytometry, as approved in the
reviewed version of OCDE TG 487 from July 2016.

Results for BEA in the cell cycle disturbed the distribution of phases compared to the control
as described in Section 2.2; however, BEA 1.25 μM reported differences in all cell cycle phases in
respect to the control (Figure 3A) and the strongest MN induction (Figure 4). Positive results have
been reported for genotoxicity of BEA through cytokinesis-block micronucleus (CBMN) assay [26] and
the COMET assay [28] as well as negatives [38]. Our results coincide with those positives which for all
concentrations BEA MN-induction (here through flow cytometry) in HepG2 cells was observed but it
was only statistically significant at 1.25 μM.
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For OTA, a marked arrest in the G0/G1 phase at the lowest concentration assayed was detected
(Figure 3B), which reveals that the HepG2 cells had everything in the cells ready for DNA synthesis but
no DNA division happened. This point is associated with the fact that no increase in MN induction
was detected unless OTA-high doses were tested (Figure 4), coinciding with other authors [20]. Other
authors have compared genotoxic assays (COMET and CBMN) in HepG2 cells exposed to OTA
revealing formation of MN and associating this at least partly to clastogenic effects; although no
additional assay to contrast the results were performed [19]. In the present study, MN formation was
measured simultaneously with cell cycle and the results were linked (Figures 3 and 4). Previously, we
performed this procedure for DON, 3-ADON and 15-ADON in the same cell line, and arrest in the
G0/G1 phase was associated with MN induction and the procedure followed was the same as here
(OECD TG487 reviewed in 2016 for cytoplasma MN detection in interphase cells) [18]. Several cell
models, experimental conditions, and procedures have been used to study OTA-MN induction [21,39].
A recent study has been published using in Vero cells where OTA (25 μM, 30 min) produced a significant
increase in the MN total number through CBMN assay [20]. It is important to mention that OTA is
known as a DNA adducts-inductor [20]. Those chromosome breaks may point to a clastogenic mode of
action if unrepaired. Thus, it is important to refer to the basis of each method and procedure followed;
since MN generated through clastogenic or aneugenic events, are irreversible and persistent, and time
that approximates a 1.5–2 normal cell cycle of the cell line is crucial.

Finally, the mycotoxin mixture OTA + BEA in HepG2 cells showed an arrest in the G0/G1 and
S phases (Figure 3C) correlated with the MN induction detected (Figure 4). Mixture tested resulted in
a stable solution (see Section 4.3). The natural occurrence of both mycotoxins has been reported in
many maize fields and maize-based products worldwide [9,40]. According to the literature, BEA is
not an inducer of the deletion of a DNA excision repair system gene [38], while oppositely, OTA has
been reported as a DNA adducts-inductor [20]; therefore, this could support our results. DNA strand
breaks through a COMET assay have been detected using a different in vitro system (PK-15 cells and
human leukocytes) and exposure time for this combination and at doses lower than those presented in
here (BEA: 0.1 and 0.5 μM; OTA: 1 and 5 μM). Coinciding with our results, a positive genotoxic effect
was obtained.

In conclusion, individual and combined BEA and OTA cytotoxicity in HepG2 cells was studied.
In binary mixtures, synergism and additive effect prevailed. Both OTA and BEA and their combinations
provoked disturbance in the cell cycle and affected MN induction, thus underlining the importance of
studying real exposure scenarios of chronic exposure to these toxins.

4. Materials and Methods

4.1. Reagents

All reagents and cell culture components were standard laboratory grade from Sigma–Aldrich
(St. Louis, MO, USA). The standard of OTA (MW: 403.815 g/mol) and BEA (MW: 783.95 g/mol)
was purchased from Sigma–Aldrich (St. Louis, MO, USA). Methanol (MeOH) was obtained from
Fisher Scientific (Madrid, Spain). For MTT assay, thiazolyl blue tetrazolium bromide (approx. 98%;
M2128-10G) was purchased from Sigma–Aldrich. A Milli-Q water purification system (Millipore,
Bedford, MA, USA) permitted the obtainment of the deionized water (<18 MΩ cm resistivity). Stock
solutions of mycotoxins were prepared in MeOH (OTA and BEA) and maintained at −20 ◦C in the
dark. The final concentration of MeOH in the medium was ≤1% (v/v) as per established for performing
this in vitro assays.

4.2. Cell Culture

Growth of HepG2 cells (ATCC HB-8065) was possible using Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma–Aldrich) supplemented with antibiotic-free 10% newborn calf serum (NCS; Invitrogen,
Christchurch, New Zealand), 100 U/mL penicillin, and 100 mg/mL streptomycin (Sigma–Aldrich). Cells
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were used between passages 12 and 19. The cells were trypsinized (Trypsin-EDTA, Sigma–Aldrich)
and resuspended in complete medium in a 1:3 split ratio to perform the sub-cultivation. The procedure
was repeated once or twice a week according to the monolayer confluence in flasks with filter screw
caps (TPP, Trasadingen, Switzerland) at 37 ◦C in a humidified atmosphere and 5% CO2.

4.3. Mycotoxin Exposure

In this study, concentration of mycotoxins and exposure time were two important factors to
consider. Twenty-four, 48, and 72 h were the exposure times assayed in HepG2 cells for BEA and
OTA either individually and combined. The situation of 72 h was considered due to the accumulation
process possibly occurring because of the physicochemical properties of these compounds. Individual
treatment was assayed at a concentration range of 0 to 25 μM for BEA (1:3 dilution), and at a range of 0
to 100 μM for OTA (1:2 dilution). For combination mixtures, individual treatment data were crucial
for selecting starting concentration. Nevertheless, parallel assays of individual and combinations
were performed for exact evaluation of combinatory effects. Concentration for combinations of both
mycotoxins at a dilution ratio 1:10 (BEA + OTA) was from 3.3 to 27.5 μM, including four dilutions of
each mycotoxin combination for BEA (0.3, 0.6, 1.25, and 2.5 μM) and OTA (3.1, 6.2, 12.5, and 25 μM).

4.4. In Vitro Cytotoxicity

The protocol published by Ruiz et al. [41], with slight modification, was followed to evaluate
the cytotoxicity. It describes the MTT assay which consists of measuring the viability of cells by
determining the reduction of the yellow, soluble tetrazolium salt only in cells that are metabolically
active via a mitochondrial reaction to an insoluble, purple formazan crystal. The concentration of
cells per well was 2 × 104 cells/well for culture plates of 96-wells. Cells adhered to the plates after
18–24 h, which was the elapsed time before proceeding with mycotoxin additions. Section 4.3 details
the dilutions and combinations of mycotoxins tested for BEA and OTA. Fresh supplemented medium
was used for preparing serial dilutions in the designed plate, while controls were prepared with culture
medium with <1% methanol. After passing 24, 48 or 72 h, the medium containing the mycotoxin was
removed and 200 μL of fresh medium containing 50 μL of MTT solution was added (5 mg/mL; MTT
powder dissolved in phosphate buffered saline). Plates were kept for 4 h at 37 ◦C in darkness and
afterwards the MTT was removed and 200 μL of DMSO and 25 μL of Soerensen’s solution (composition:
glycine 0.4 μM + 0.1 μM NaCl, pH 10.5) was added to each well. Plates were brought to read at
570 nm with the ELISA plate reader Multiskan EX (Thermo Scientific, Waltham, MA, USA). Replicates
consisted of each mycotoxin combination plus a control tested in three independent experiments.
Mean inhibition concentration (IC50) values were calculated from full dose–response curves using the
four parameter logistic equation with the SigmaPlot program. Three independent experiments were
performed with eight replicates each.

4.5. Experimental Design and Combination Index

The isobologram analysis (Chou-Talalay model) was used to determine the type of interaction
(synergism or antagonism effect) that occurs when mycotoxins studied were in combination.
Chou-Talalay’s model allows characterizing the interactions induced by combinations of mycotoxins,
but no mechanisms associated can be elucidated. Combination effects are possible to analyze by the
median-effect/combination index (CI)-isobologram equation by Chou [42] and Chou and Talalay [7].
The model involves plotting the dose–effect curves for each mycotoxin and its combinations in
multiple diluted concentrations. There are several parameters included in the equation as Dm (the
median-effect dose), fa (fraction affected by concentration), and m (coefficient signifying the shape
of the dose–effect relationship) [7]. Therefore, both the potency (Dm) and shape (m) parameters are
crucial for the evaluation.
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The term combination index (CI) is included in Chou and Talalay’s [42] method. According to the
CI synergism, additive, and antagonism are, respectively, correlated as follows: CI < 1, =1, and >1.
CalcuSyn software version 2.1. (Biosoft, Cambridge, UK, 1996–2007) was used to study the types of
interactions assessed by isobologram analysis. It was decided to report CI25, CI50, CI75, and CI90 doses
to produce toxicity at 25%, 50%, 75%, and 90%, respectively.

4.6. Cell Cycle Analysis by Flow Cytometry

Vindelov’s PI staining solution previously described [43] was used. PI is a DNA intercalating
agent that only stains stoichiometrically the DNA of cells in the late phases of cell death, when the
integrity of both cellular and nuclear membranes is lost. Cell proliferation and cell cycle distribution
was performed using BD FACSCanto™ Flow Cytometer (Beckton–Dickinson, Italy) with FACSDiva
software version 6.1.3 (BD Biosciences, San José, CA, USA, 2007).

For this assay, plates of 6 wells were used and the concentration of cells was 4.8 × 105. Cells were
seeded for 24 h and exposed for 48 h to BEA at 0.31, 0.62, 1.25, and 2.5 μM for 48 h; and OTA at 3.12, 6.25,
12.5, and 25 μM for individual treatment. For combinations, range doses went from 3.43 to 27.5 μM
including four dilutions of each combination. Then, cells were trypsinized and incubated at 37 ◦C
for 30 min with 860 μL of fresh medium containing 29 ng/mL of Vindelov’s PI staining solution. Cell
cycle analysis was carried out as described by Minervini et al. [44], by rectangular fitting (CYLCHRED
software, Beckton–Dickinson, Milan, Italy) using 1024 channels, which produced histograms with a
single G0/G1 peak at channel 200 when DNA was diploid, an S-peak between channels 200 and 400
when DNA was replicating, a G2/M peak at channels 400 when DNA was tetraploid, and a Sub-G0
peak (debris peak), between 100 and 200 when DNA was hypodiploid or damaged. The reduced
coefficient of variation (CV) obtained in this study was the result of the high resolution reached by
proper alignment. The positive control used was cicloheximide (CLX) (40 μg/mL), known as synthesis
of proteins inhibitor that leads to cellular quiescence and cell death by apoptosis. Three independent
experiments were performed for OTA and BEA and at least 10,000 cells were analyzed for each sample.

4.7. Genotoxic Evaluation by Micronucleus Detection through Flow Cytometry

Litron In Vitro Microflow Kit (Litron Laboratories, Rochester, NY, USA) was used for the
micronucleus assay on HepG2 cells exposed to mycotoxins by flow cytometry following the OECD
TG487. Conditions set for this assay point that it must be carried out after exposure of cells to the toxic
during a time that approximates a 1.5–2-times normal cell cycle. For HepG2 cells, this time was set to
48 h; which doubled the time period necessary for this type of cell (2 normal cycles). Concentrations
were maintained as per those detailed in Section 4.5 and were also used in the cell cycle assay. Previous
reports [18,45–48] and manufacturer’s instructions (Litron Laboratories, 2009) were followed, all
according to the framework of the OECD Guideline [16].

Briefly, in 24-well plates, HepG2 cells (2 × 106 cells/mL) were seeded and treated with BEA and
OTA as detailed in Section 4.5 for 48 h. The day of the experiment Nucleic Acid Dye A Solution was
added to the cells, placed on ice, and exposed to light for 30 min for photoactivation of the EMA
flurorochrome dye. Afterwards, cells were washed and lysed with the Litron Lysis kit solution and
preserved from light for 60 min. Afterwards, cells were gently resuspended and a lysis solution 2
containing Nucleic Acid Dye B (SYTOX flurorochrome) was added, incubated for 30 min at room
temperature in the dark, and analyzed by flow cytometry. Gating cell population and analysis strategies
were performed with the FACS Fortesa 7.1 software following the instructions and template provided
with the in vitro microflow kit manual and as described by Bryce et al. [46,47]. The control cells received
equal volume of the vehicle (cell culture medium). Etoposide was used as the positive control [45,47,49].
The percentage of micronucleus was determined after acquiring a total of 20,000 gated nuclei events
per sample as indicated in OECD TG 487 for MN evaluation through flow cytometry.
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4.8. Statistical Analysis

Statistical analysis of data was carried out using the IBM SPSS Statistic version 24.0 (SPSS,
Chicago, IL, USA, 2017) statistical software package. Data were expressed as the mean ± SEM of four
independent experiments. The statistical analysis of the results was performed by student’s t-test for
paired samples. Differences between groups were statistically analyzed using ANOVA followed by the
Tukey HDS post-hoc test for multiple comparisons. p ≤ 0.05 was considered statistically significant.
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Abstract: Mycotoxins found in randomly selected commercial milk thistle dietary supplement were
evaluated for their toxicity in silico and in vitro. Using in silico methods, the basic physicochemical,
pharmacological, and toxicological properties of the mycotoxins were predicted using ACD/Percepta.
The in vitro cytotoxicity of individual mycotoxins was determined in mouse macrophage (RAW
264.7), human hepatoblastoma (HepG2), and human embryonic kidney (HEK 293T) cells. In addition,
we studied the bioavailability potential of mycotoxins and silibinin utilizing an in vitro transwell
system with differentiated human colon adenocarcinoma cells (Caco-2) simulating mycotoxin transfer
through the intestinal epithelial barrier. The IC50 values for individual mycotoxins in studied
cells were in the biologically relevant ranges as follows: 3.57–13.37 nM (T-2 toxin), 5.07–47.44 nM
(HT-2 toxin), 3.66–17.74 nM (diacetoxyscirpenol). Furthermore, no acute toxicity was obtained for
deoxynivalenol, beauvericin, zearalenone, enniatinENN-A, enniatin-A1, enniatin-B, enniatin-B1,
alternariol, alternariol-9-methyl ether, tentoxin, and mycophenolic acid up to the 50 nM concentration.
The acute toxicity of these mycotoxins in binary combinations exhibited antagonistic effects in the
combinations of T-2 with DON, ENN-A1, or ENN-B, while the rest showed synergistic or additive
effects. Silibinin had a significant protective effect against both the cytotoxicity of three mycotoxins
(T-2 toxin, HT-2 toxin, DAS) and genotoxicity of AME, AOH, DON, and ENNs on HEK 293T. The
bioavailability results confirmed that AME, DAS, ENN-B, TEN, T-2, and silibinin are transported
through the epithelial cell layer and further metabolized. The bioavailability of silibinin is very
similar to mycotoxins poor penetration.

Keywords: acute toxicity; combined toxicity; genotoxicity; cell protection; silibinin; in silico prediction;
co-culture models

Key Contribution: Our data highlight the problem of mycotoxin cocktails, which usually occur in
food and feed, whose effects are currently studied only simultaneously.

1. Introduction

Mycotoxins, toxic secondary metabolites produced by fungi, are contaminants that frequently
occur in food and feed worldwide. The mycotoxigenic fungal genera involved in the human food chain

Toxins 2020, 12, 148; doi:10.3390/toxins12030148 www.mdpi.com/journal/toxins69
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are mainly Fusarium, Aspergillus, Penicillium, and Alternaria [1]. Trichothecenes and zearalenone (ZEA)
belong to the most important classes of mycotoxins produced by Fusarium species [2]. Depending on
their functional groups, trichothecenes have been divided into Groups A–D [3]. T-2 toxin (T-2), HT-2
toxin (HT-2), and diacetoxyscirpenol (DAS) are the main representatives of the Type A subgroup [4,5].
Deoxynivalenol (DON), also known as vomitoxin, is the most prevalent mycotoxin of the Type B
trichothecenes [6]. Besides, Fusarium also produces emerging fusariotoxins such as beauvericin (BEA)
and enniatins (ENNs) [7]. BEA and ENNs are cyclic depsipeptides, which consist of free electron pairs
of oxygen carbonyl groups and tertiary amino groups of amide bonds giving these molecules the
ability to act as nucleophiles [8]. Alternaria fungi contaminate a wide variety of food items such as
cereals, fruits, wheat, barley, and sorghum, where it produces several toxins, with alternariol (AOH),
alternariol-9-methyl ether (AME), and tentoxin (TEN) being the most important ones [9]. Penicillium
species are known to produce mycophenolic acid (MPA) [10]. Despite their low acute cytotoxicity
on human cell line compared to other mycotoxins, MPA has been shown to possess neurotoxic and
immunosuppressive effects [11]. The effects of selected mycotoxins on cell functions are listed in
Table 1.

Table 1. Toxicity of selected mycotoxins.

Mycotoxins Effects References

T-2 and HT-2 Inhibition of DNA, RNA, and protein synthesis.
Induction of mutations and apoptosis.

[12–15]

DAS Inhibition of DNA and protein synthesis.
Suppression of macrophage phagocytic function.

[16,17]

DON Inhibition of DNA, RNA, and protein synthesis.
Decrease of the cell proliferation.

[18,19]

ZEA Activation of the estrogen receptor.
Inhibition of DNA and protein synthesis.
Triggering of lipid peroxidation and cell death.

[20–22]

BEA Increase of the biological membrane.
Loss of ionic homeostasis.
Induction of lipid peroxidation.

[14,23,24]

ENNs Increase of the membrane permeability for cations. [25]

AOH and AME Single and double strand DNA breaks.
Decrease of the cell proliferation.

[26–28]

TEN ATP hydrolysis and inhibition of ATP synthesis. [29]

MPA Inhibition of inosine 5′-monophosphate
dehydrogenase.
Blocking of the DNA synthesis and proliferation of
both T and B lymphocytes.

[30,31]

Although the main targets of mycotoxins are different, some of them have similar modes of actions
and thus some additive effects of certain mycotoxins may be expected. Therefore, the presence of
mycotoxins in plant products contaminated by several toxigenic fungi is an increasing health issue.
Numerous studies have shown potential additive and even synergistic toxic effects of mycotoxins
in vitro, summarized, e.g., in [32]. However, data on combined toxic effects of mycotoxins are generally
limited and inconsistent. Most available publications in this field are dedicated to trichothecenes [33,34].
Moreover, reported studies focusing on the combined toxic effects of mycotoxins are incomparable
to some extent due to the different experimental designs and conditions. For instance, the mixture
of ZEA and DON showed a synergistic toxic effect in human hepatoblastoma HepG2 and RAW
macrophage cells [18] but antagonistic effect in Bluegill fin fibroblast (BF-2 cells) [33]. Another study
shows that, after 72 h of exposure, the combination of DON and T-2 toxins presented antagonistic
effects in mammalian kidney epithelial (Vero) and Chinese hamster ovarian (CHO-K1) cells [14,23],
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while additive effects were observed in HepG2 cells [1]. In addition, the interaction between DON and
T-2 varied from antagonism to synergism depending on the concentration and the ratio of mixtures.
In general, in vitro studies of mycotoxin interactions have been mainly performed on single target
cell lines. However, this does not fully mimic human metabolism or the complex interactions within
the whole organism. Among other effects, such studies neglect intestinal epithelial transport and the
first-pass hepatic metabolism [35].

Recently, the protective effects of silymarin or silibinin against mycotoxins have been reported in
several publications. Silymarin extracted from seeds of Silybum marianum contains silibinin, isosilibinin,
silydianin, and silychristin [36]. Silibinin, a major pharmacologically active compound, is a mixture
of silybin A and silybin B. The studies of hepatoprotective effect of silymarin against fumonisin B1
(FB1) and aflatoxin B1 (AFB1) were performed in mice and bovine calves [37,38]. The FB1-induced
hepatocyte damage was significantly diminished by the silymarin treatment. Silymarin decreased
apoptosis rate, increased cell proliferation, and prevented the FB1-induced increase of TNF-α [37,39].
According to Naseer et al. [38], silymarin showed better results compared to choline chloride (liver
tonics) in lowering the AFB1-induced serum aminotransferase, creatinine, and blood urea nitrogen.
Silibinin has received much attention, but the negation of mycotoxins toxicity by silibinin has only
been achieved on primary rat hepatocytes, isolated rat Kupffer cells, calves, and mice [37,38,40–42].

The in vitro co-culture system may offer suitable alternative to in vivo animal testing and it
represents an indispensable tool to approximate the complex conditions in studies aimed at mycotoxin
action mechanism in an organism [43]. There have been a few co-culture models used in vitro for
studying the absorption of natural bioactive compounds and drug toxicity in hepatocytes [35,43–45].
However, this co-culture system was not used to test the efficacy of silibinin in preventing the effects of
mycotoxins. In this context, we developed a simple in vitro co-culture model to investigate mycotoxin
cytotoxicity on different cell lines. Then, this model was applied to evaluate potential protective effects
of silibinin on mycotoxin toxicity.

The aim of this study was the complex evaluation of toxicity caused by mycotoxins and the
possibility of using silibinin to prevent their cytotoxic effect. The toxicity of individual mycotoxins was
predicted by in silico analysis and, after that, the data were verified in vitro. To show an additive and
synergistic effects of mycotoxin mixtures, the binary mixture was formed by the addition of the second
mycotoxin. Silibinin, the predominant compound of the Silybum marianum-based dietary supplement,
was assessed for its potential protective capacity to prevent toxic effects of mycotoxins in tested cells.

2. Results and Discussion

As reported recently, milk thistle-based dietary supplements are usually a significant source
of mycotoxins, especially those produced by Fusarium and Alternaria fungi [46,47]. For some of
these mycotoxins, namely DON, HT2, T2, and ZEA, the human health risk has been assessed by
European Food Safety Authority (EFSA) [48–53] and appropriate maximum limits exist for specific
food commodities (1881/2006 EC). For other mycotoxins, such as DAS, ENNs, BEA, MPA, and Alternaria
toxins, EFSA has not set the tolerable daily intake (TDI) values yet, especially because the relevant
toxicity data are still missing, thus the risk assessment process has not been finished. Even though the
scientific evidence for heightened toxicity from mycotoxins mixtures is mounting, the risk assessment
process, thus the EU legislation, is based predominantly on assessments carried out on individual
substances. In this paper, we report on toxicity of specific mycotoxins mixture typical for milk
thistle-based preparations, and point to effects resulting from the co-occurrence of these toxins together
with silymarin as the most abundant health positive component in this type of foods.

2.1. In Silico Prediction of Physicochemical, Pharmacological and Toxicological Properties

The basic physicochemical, pharmacological, and toxicological properties of the mycotoxins
previously found in milk thistle-based dietary supplement were evaluated, as summarized in Table 2.
Most of the found mycotoxins are soluble in octanol rather than in water. The only hydrophilic
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mycotoxin is DAS. On the opposite side, BEA is highly lipophilic with the logP value higher than
five, which is the limit for bioavailability according to Lipinski’s rule of five [54]. Besides BEA, the
octanol–water partition coefficient corresponding to less than one per milliliter of water content was
observed for AOH, AME, ENNs, MPA, and ZEA. The very low aqueous solubility of these compounds
compromises bioavailability manifested by their poor penetration through the blood–brain barrier and
sequestration by fatty tissues. Their poor passive diffusion through the barriers was confirmed by
logBB and logPS values for AOH, AME, and MPA followed by high ability to plasma protein binding.
In addition, DAS showed poor penetration through the barriers. On the opposite side, ENNs could
penetrate and accumulate in CNS.
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Several mycotoxins (AOH, AME, and ZEA) showed ability to weakly bind to estrogen receptor
(Table 2) and thus affect the endocrine system. From these mycotoxins, only ZEA is predicted to bind
to the receptor strongly with the probability of 0.71 and high reliability (RI = 0.88). Genotoxicity was
excluded for BEA, ENNs, MPA, TEN, and ZEA by the prediction tool. However, genotoxicity should
be expected for AOH, AME, DAS, DON, HT-2, and T-2. The predicted lethal dose for mouse less than
1 ppm was observed for DON, HT-2, and T-2 followed by DAS. The highest lethal dose was found
for BEA, which corresponds to its high logP value and low bioavailability. However, BEA is the only
mycotoxin that is predicted as a good substrate of P-glycoprotein (p = 0.9, RI = 0.38), a transmembrane
efflux pump comparable to classical P-gp substrates such as vinblastine, daunorubicin, or paclitaxel.
This means that, even though BEA is not able to penetrate through barriers by passive absorption, it
uses P-gp pump as the transporter-mediated penetration pathway. DAS, DON, ENNs, HT-2, T-2, and
TEN are weaker substrates of P-gp than BEA. PepT1 (intestinal peptide transporter 1), ASBT (intestinal
bile acid transporter), or other enzymes were not predicted to be actively involved in transport any of
the tested compounds through the intestinal membrane.

In opposite to logP values, the high permeability via passive absorption across the Caco-2 layer
was predicted for AOH, AME, DON, HT-2, and ZEA. The lowest permeability was predicted for DAS.

2.2. Verification of the In Silico Prediction

2.2.1. Acute Toxicity of Pure Mycotoxins

The cytotoxic effect of T-2, HT-2, DAS, DON, BEA, ZEA, ENN-A, ENN-A1, ENN-B, ENN-B1,
AOH, AME, TEN, and MPA on HepG2, Caco-2, RAW 264.7, and HEK 293T cells was evaluated by
resazurin assay over 72 h to determine the mycotoxin concentration that halved the cellular viability
(IC50). The IC50 (nM) values are demonstrated in Table 3. No IC50 values were obtained for DON,
BEA, ZEA, ENN-A, ENN-A1, ENN-B, ENN-B1, AOH, AME, TEN, and MPA because these toxins
did not cause any acute cytotoxicity in a concertation range up to 50 nM. This concentration (50 nM)
was chosen intentionally because it was equal to 5× exceeding the recommended daily dose under
conditions of 100% bioavailability of the tested compounds. Therefore, this concentration covers
absolutely the concentration which could be reached in human blood after oral administration of
the supplement. These results are in accordance with observations of Fernández-Blanco et al. [55]
studying the cytotoxicity of AME (0–100 μM) in Caco-2 cells. The same result for MPA was reported
by Nielsen et al. [56] in human small intestinal cells, where no IC50 values were achieved up to 156 nM
concentration. Previous studies showed a statistically significant decrease in viability of cells treated
at concentrations of BEA (3 μM), DON (1 μM), ZEA (25 μM), ENN-A (1 μM), A1 (1 μM), B (2 μM),
B1 (2 μM), AOH (50 μM), and AME (25 μM) [14,19,57,58]. These results are in agreement with those
presented in our study, which showed that mycotoxins including DON, BEA, ZEA, ENN-A, ENN-A1,
ENN-B, ENN-B1, AOH, AME, TEN, and MPA did not decrease the viability at tested concentrations
(up to 50 nM). The highest tested concentration is at least 5× higher than the possible concentration
which can be reached by the chosen milk thistle-based dietary supplement (see Section 4.3). It means
that even, if the recommended daily dose were exceeded, there would be no risk of acute toxicity of
present mycotoxins.

Table 3. IC50 of T-2, HT-2, and DAS on HepG2, Caco-2, HEK293T, and RAW 264.7 cell lines. Data are
expressed as mean values ± SEM of independent experiments (n = 3), each with six technical replicates.

Mycotoxins (nM)
Cell lines

RAW 264.7 Caco-2 HepG2 HEK293T

T-2 3.57 ± 0.27 13.37 ± 1.07 11.38 ± 0.37 3.87 ± 0.27
HT-2 5.07 ± 0.46 44.23 ± 2.26 47.44 ± 1.29 21.22 ± 1.6
DAS 3.66 ± 0.37 17.74 ± 0.66 13.4 ± 1.79 6.58 ± 0.36

DAS, diacetoxyscirpenol; HT-2, HT-2 toxin; T-2, T-2 toxin.
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Our results demonstrate that RAW 264.7 cells are extremely sensitive to T-2, HT-2, and DAS, and
that T-2 was the most cytotoxic against all tested cell lines, consistent with Behm et al. [59]. These
authors assessed the cytotoxicity of 14 mycotoxins in Chinese hamster lung fibroblast (V79 cells) and
characterized T-2 as the most potent cytotoxic agent, followed by HT-2 and the other toxins tested.
Similarly, previous studies also reported the IC50 values for T-2 in the range of 3–500 nM in various
mammalian cells [21,56,59,60]. The chemical analysis showed the following concentrations of acutely
toxic mycotoxins expected to be in human blood after exposure to the recommended daily dose of
milk thistle-based dietary supplement: 6.2 nM of T-2, 5.0 nM of HT-2, and 0.04 nM of DAS. It could be
concluded that the doses of T-2 and HT-2 are in the range of IC50; however, based on in silico prediction,
their penetration through the cell membrane is really low. Therefore, it could be predicted that, after
oral administration, neither T-2 nor HT-2 can reach the blood concentration causing the acute toxicity
(see also Section 2.4).

The data of in silico and in vitro testing of acute toxicity are in good correlation. In both cases, T-2,
HT-2, and DAS were found to be the most toxic mycotoxins. Based on in silico prediction, the doses of all
other tested mycotoxins have to be 4-5× higher than those mentioned above, which is over the highest
tested concentration as well as the concentration which can be reached in blood by milk thistle-based
dietary supplement consumption. The only exception is DON, which was predicted to be as toxic
as T-2 and HT-2 mycotoxins, but this was disproved by our in vitro measurements. The prediction
was based on structural similarities of DON and T-2, HT-2, and DAS, belonging to the same group of
trichothecenes characterized by the tetracyclic 12,13-epoxy trichothecene skeleton [61]. However, in
contrast to the others, DON belongs to the Type B trichothecenes, which lack a carbonyl group at C-8
and hydroxyl group at C-7 [62]. Therefore, DON may be less toxic than other trichothecenes such as
T-2 toxin. Sobrova et al. [63] published, in agreement with our results, that LD50 for mice is several
times higher (ranges from 46 to 78 mg/kg after oral administration) than the predicted value.

2.2.2. Genotoxicity of Single Mycotoxins

Comet assay, widely accepted to evaluate the genotoxic potential of many mycotoxins [64], was
used also in our study, where DNA strand breaks in HEK293 cells exposed to mycotoxins (25 μM) were
evaluated after 24 h treatment. The results demonstrate that incubation with AME, AOH, DON, and
ENNs significantly increased the percentage of DNA in comet tail with respect to the negative control.
However, no significant DNA damage was observed in the cells treated with BEA, MPA, TEN, and
ZEA (Figure 1).

 

Figure 1. Percentage of DNA in comet tails measured by Comet assay in HEK 293T cells after the
treatment with mycotoxins (25 μM) or silibinin (25 μM). Values are expressed as the mean ± SEM
(n = 4). * p ≤ 0.05 indicates significant differences when compared to negative control (NC). AME,
alternariol-9-methyl ether; AOH, alternariol; BEA, beauvericin; DON, deoxynivalenol; ENN A, enniatin
A; ENN A1, enniatin A1; ENN B, enniatin B; ENN B1, enniatin B1; MPA, mycophenolic acid; TEN,
tentoxin; ZEA, zearalenone.
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Genotoxic properties of AOH and AME (25 μM) in HEK293T cells were confirmed by Comet
assay where comet tails were about 55% and 42%, respectively. Previous work showed that AOH
and AME significantly increased the rate of DNA breaks in human colon adenocarcinoma HT29 cells
at concentrations ≥ 1 μM [65,66]. Fehr et al. [64] reported that AOH and AME potently bind to the
minor groove of the DNA and act as topoisomerase inhibitors, which might also contribute to the
DNA-damaging properties. Moreover, Tiessen et al. [66] indicated that oxidative stress does not play a
predominant role in the induction of DNA damage by AOH and AME in HT29 cells.

The DON genotoxicity reported by Bonny et al. [67] in HepG2 and Caco-2 cells was consistent
with our results. The DNA in comet tail increased significantly according to DON concentration
ranging from 0.01 to 0.5 μM and the DNA breaks could be explained by DON genotoxicity partly
related to the production of free radicals and ROS [67]. In contrast, in the study of Takakura et al. [68],
DON (25 μM) failed to induce genotoxicity in human lymphoblast, thymidine kinase heterozygote
TK6, and human hepatic HepaRG cells. This study showed that DON induced cytotoxicity without
inducing primary DNA damage [68]. The differences may be due to variations among the used cell
lines and lower sensitivity to oxidative stress of these cells compared to the HEK 293T cells [69].

Similar DNA damage was observed after 24 h exposure of PK15 and Caco-2 to BEA (0.5 and 12
μM, respectively) [70,71]. Nevertheless, no significant DNA damage was observed in the cells treated
with BEA in our study. A similar result was obtained for BEA in the research of Dornetshuber et al. [72].
BEA significantly increased by 85% of DNA in tail with respect to the control at 1 μM but not at 5 μM
after 24 h exposure. The reason is that, after 5 μM BEA exposure, antioxidant defense system activities
were stimulated and therefore highly contributed to eliminate cell damage. Moreover, BEA inhibited
the proliferation of damaged cells arresting them in G0/G1 phase and thus increased the apoptosis [73].

Regarding genotoxicity of ENNs, Prosperini et al. [74] reported significant DNA damage observed
for ENN-A (1.5 μM), ENN-A1 (3 μM), and ENN-B1 (3 μM), whereas 3 μM ENN-B did not show
genotoxic effect. This may be due to the lipophilicity of the ENNs with the most hydrophobic ENN-A
and the least ENN-B (ENN-A > ENN-A1 > ENN-B1 > ENN-B). Moreover, increased ROS generation
and lipid peroxidation was observed for all ENNs [74].

ZEA-induced oxidative effect on Chang liver cells was evaluated by Kang et al. [75], who found
that growing concentrations of ZEA (50–200 μM) increased the DNA damage (from 7.43 ± 0.35% to
19.01 ± 0.42%) [75]. Other authors revealed that ZEA and its metabolites induced oxidative stress by
increasing the level of ROS, which can cause damage to DNA [76]. Gao et al. [77] found that ZEA
(2.5–20 μM, for 2 h) damaged DNA in HEK293 cells in a concentration-dependent manner. However,
the results suggest lysosomes disruption rather than oxidative stress plays a key role in DNA strand
breaks induced by ZEA. Therefore, the authors predicted the lysosomes as a primary target of ZEA [77].
On the contrary, we found that HEK 293T cells were resistant to the treatment with 25 μM of ZEA
for 24 h. These results suggest activation of DNA repair mechanisms in the cells upon prolonged
incubation [78].

2.2.3. P-gp Substrate Probability of Single Mycotoxins

P-glycoprotein (P-gp), which is also known as multidrug resistance protein 1 (MDR1) or
ATP-binding cassette sub-family member B 1 (ABCB1), is an ATP-dependent efflux pump transporting
a wide range of hydrophobic compounds including drugs and other xenobiotics [79]. It limits
the drug entry into the body, promotes drugs elimination into bile and urine, and decreases drug
penetration into sensitive tissues [80]. For the in vitro evaluation of whether mycotoxins serve as
P-gp substrates, an isolated fraction of the P-gp enriched membranes was used. As P-gp activation is
coupled with ATP consumption, we measured the in vitro ATP consumption reflecting the transport
activity [81]. From the whole spectrum of mycotoxins, only AOH, DON, T-2, and ZEA activated
P-gp in dose-dependent manner. T-2 toxin caused the most significant increase in ATP consumption,
suggesting its P-gp-mediated transport (Figure 2).
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Figure 2. Mycotoxins as substrates of P-gp: AOH; DON; T2; and ZEA. Values are expressed as the
mean ± SEM (n = 3). AOH, alternariol; DON, deoxynivalenol; T-2, T-2 toxin; ZEA, zearalenone.

Li et al. [82] and Videman et al. [83] proposed that P-gp is the foremost transporter of DON in
Caco-2, HepG2, and MDCK cells. Different models indicate that P-gp is directly involved in the efflux
of ZEA [84–86]. It was reported that T-2 is not a substrate of P-gp [87]. However, in our study, ATP
consumption indicated the highest P-gp substrate probability of T-2 followed by ZEA, AOH, and DON.
Even though T-2 and AOH are transported via isolated P-gp in our in vitro model, in the cells, the
situation is more complex and P-gp efflux activity may be inhibited by various mechanisms or the
mycotoxins could be metabolized or substituted.

2.3. Influence of the Mycotoxins Properties in Mixtures

In the above sections, we summarize the toxicity of single mycotoxins, but, in natural resources,
they predominantly occur in mixtures. Mixtures of mycotoxins can be present in materials of natural
origin (e.g., food, feed, and dietary supplements) because: (i) the material can be contaminated by
several molds; (ii) some molds can produce several different mycotoxins; and (iii) the material is
prepared from several contaminated plants or plant species [88]. Based on our analysis, the milk-thistle
dietary supplement may be contaminated by up to 14 different mycotoxins originating from several
molds. As the limits of detection were very low, we addressed the question whether the detected levels
of mycotoxins are toxic to human cells.
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2.3.1. Determination of Acute Toxicity of Milk Thistle-Based Dietary Supplement

Several mycotoxins model mixtures mimicking the milk thistle-based dietary supplement were
prepared to determine their cytotoxic effects. These mixtures were mimicking: (i) the concentration
and composition of mycotoxins in particular supplement; (ii) the concentration and composition of
silymarin; and (iii) the concentration and composition of mycotoxins and silymarin in the supplement.
The cytotoxicity of these model mixtures was compared with the cytotoxicity of milk thistle-based
dietary supplement using human embryonal kidney cells (HEK 293T). As can be seen in Figure 3, all
tested mixtures completely inhibited the cell viability at concentrations corresponding to 50–70% of
recommended daily dose (100% recommended daily dose was equal to 8 nM of ALT, 4.5 nM of AME,
9.4 nM of DON, 6.2 nM of T-2, 5.0 nM of HT-2, 0.04 nM of DAS, 1.1 nM of ZEA, 3.7 nM of TEN, 3.5 nM
of BEA, 0.7 nM of ENN-A, 1.7 nM of of ENN-A1, 2.7 nM ENN-B, 2.6 nM of ENN-B1, and 29 μM of
silibinin). No toxic effect, manifested by zero effect on the cell viability, was observed at concentrations
lower than 3% of recommended daily dose.

Figure 3. HEK 293T cytotoxicity of milk thistle-based dietary supplement and the model mixtures
of toxins. The black line is a mixture mimicking the mycotoxins occurrence in the supplement, the
green line is a mixture mimicking the silymarin composition, the grey line is a mixture mimicking the
mycotoxins plus silymarin composition, and the orange line is a milk thistle-based dietary supplement.

The toxicity of silibinin, the main component of silymarin complex, has been previously published
many times for such high doses as we tested (100% recommended daily dose was equal to 29 μM
concentration of silibinin) [89]. The concentration of silymarin composition in recommended daily
dose exceeds by one order of magnitude that of the mycotoxins occurring at considerably lower
concentrations, which did not affect the acute cytotoxicity (Table 4). Even though fourteen different
mycotoxins were present in the mixture, single mycotoxins can vary in their modes of action. Therefore,
their combination may dramatically affect the cellular processes by an additive or synergistic effect.
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Table 4. Cytotoxicity of the milk thistle-based dietary supplements and the model mixtures. Cytotoxicity
was evaluated by the Duncan’s post hoc analysis expressing the differences between the groups. Similar
or sharing letters within one concentration (e.g., a and ab) show that there are no significant differences
in cell viability of HEK 293T cells treated with milk thistle-based dietary supplements and the model
mixtures. Different letters (e.g., a and b) show the statistical difference (p ≤ 0.05) between milk
thistle-based dietary supplements and the model mixtures within the tested concentration.

Tested Mixtures Recommended Daily Dose (%)

100 50 25 12.5 6.25 3.13
Silymarin a a a a a a

Mycotoxins plus
silymarin

a a a a a a

Milk thistle-based
dietary supplement

a a a a a a,b

Mycotoxins a a b b b b

2.3.2. Acute Toxicity of Mycotoxins in Binary Mixtures

To investigate the type of interactions between selected mycotoxins in binary combinations, T-2,
HT-2, and DAS were applied in IC50 doses in a mixture with another mycotoxin in a 1:1 ratio. At these
concentration, T-2, HT-2, and DAS caused 50% cell mortality, while the others did not significantly
reduce the cell viability.

The binary combinations lowered cell viability compared to single compounds. The T-2 and DAS
mixture (DAS+T-2) as well as their combination with HT-2 (HT-2+T-2 and HT-2+DAS) and some others
(ENN A1+DAS and MPA+DAS) significantly reduced cell viability by about 31%, 33%, 24%, 16%, and
15%, respectively. In contrast, cell viability was not significantly reduced by other combinations of
toxins (mixtures containing DON, ZEA, ENN-A, ENN-B, ENN-B1, TEN, BEA, AOH, and AME, as well
as ENN-A1+T-2, ENN-A1+DAS, MPA+T-2, and MPA+DAS) (data not shown).

To determine the mode of action, the binary mycotoxin interactions were further assessed by the
conceptual model called a “linear interaction effect”. Table 5 indicates additive effect for the binary
mixtures of T-2 with ZEA, BEA, AOH, or AME. Similarly, additive effect was demonstrated for the
binary mixtures of DAS with TEN, BEA, AOH, or AME and also for the binary mixtures of HT-2 with
ENN-A1, ENN-B1, TEN, MPA, BEA, AOH, or AME. Summarizing the results, each binary combination
of T-2, DAS, and HT-2 with TEN, BEA, AOH, or AME had an additive effect. The binary mixture of
BEA and T-2 has been previously demonstrated as antagonistic in Vero cells [23] while synergistic in
CHO-K1 cells [14].

We found synergistic effects in the binary mixtures of T-2 with ENN-A, ENN-B1, MPA, HT-2, or
DAS. A synergistic effect of DAS was also observed when mixed together with either HT-2, DON,
ZEA, ENNs, or MPA and for HT-2 combined with DON, ZEA, ENN-A, or ENN-B in a binary mixture.
Summarizing the results, ZEA, ENNs, and MPA caused either a synergistic or at least an additive effect
except two combinations (T2 with ENN-A1 or ENN-B) where an antagonistic effect was observed.

The observed additive or synergistic effect for combinations with ENNs, MPA, BEA, AOH, or
AME could be explained (based on Table 1) as follows: BEA and ENNs increase the cell permeability
and thus make the cells more accessible for the other mycotoxins acting as ionophores. Similarly, MPA,
AOH, and AME decrease the cell proliferation, which in general decreases cell viability.

A synergistic effect might be caused by the fact that mycotoxins influence different stages of the
same toxicity pathway by increased absorption or decreased metabolic degradation of one mycotoxin
at the presence of another one [90]. The synergistic effect of T-2 in combination with DAS demonstrated
in this study is in agreement with the results of Thuvander et al. [91].
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In contrast, an antagonistic effect was demonstrated in the combination of T-2 with DON, ENN-A1,
or ENN-B. Several previous studies are consistent with our results describing the interaction between
DON and T-2 in Vero cells [14], in CHO-K1 cells [14], and in human lymphocytes [91]. A similar result
was obtained by Fernadez-Blanco et al. [14,19] who found that the combination of DON and ENN-B
resulted in the antagonistic interaction. The authors explained this interaction by the competition
between the mycotoxins for the same target/receptor site [14,19]. Lin et al. [92] suggested that the
effect of DON and T-2 is additive/synergistic at middle and high concentrations but antagonistic at low
concentrations in rat chondrocytes and C-28/I2 cells. Additionally, synergic effect was also detected
when the individual levels were at nearly the same ratio and antagonistic effect when the concentration
of DON was much higher (100-1000×) than T-2 [92].

In general, additive, antagonistic, and synergistic effects depend not only on the compounds in
the mixture, but also on their mutual concentrations and exposure time [92,93].

2.3.3. Suppression of Mycotoxins’ Acute Toxicity by Silibinin

The IC50 of T-2, HT-2, and DAS halving the HEK293T cells viability after 24 h of incubation were
determined as 7, 30, and 15 nM, respectively. At these concentrations, silibinin at the concentration
range from 0.9 to 109 μM was added to evaluate its preventive effect in extended range of recommended
daily dose of the supplement. As previously published, the co-treatment with both silibinin and
mycotoxins did not improve the cell growth, but pretreatment of the cells by silibinin for 2 h before
mycotoxins addition protected the cells against mycotoxins-mediated apoptosis [41,42]. Thus, we chose
this approach to evaluate the protective effect of silibinin against mycotoxins-induced cytotoxicity.

The presence of silibinin alleviated the HEK 293T viability decrease caused by single mycotoxins
(T-2, HT-2, and DAS) in a concentration-dependent manner. The pretreatment with silibinin at
lower concentrations (below 54.5 μM) had almost no effect on the cell viability. The highest tested
concentration of silibinin (109 μM) showed an additive toxic effect resulting in about 30% decrease of
the cell viability when compared to viability of cells cultured with a single mycotoxin. Regarding the
effect of the sole silibinin treatment on the cell viability, no toxicity was shown after 24 h of exposure,
except for the highest concentration point (109 μM), which significantly reduced the cell viability by
45%. It has been already reported that silibinin had no significant cytotoxic effect on human fibroblasts
at the 50 μM concentration for 24 h [94].

Due to the different effect of silibinin pretreatment on the HEK 293T cells cultivated with toxic
doses of T-2, HT-2, and DAS, the type of interaction between silibinin and mycotoxins was evaluated
by the “linear interaction effect” model (see Table 6). The strongest antagonism was found with the
silibinin pretreatments at concentration of 13.6 μM for T-2 and 6.8 μM for HT-2 and DAS exposure,.
The cytoprotective effect of silibinin, may be ascribed to its antioxidant and free-radical scavenger
role [41]. Based on the results of Al-Anati et al. [40], low silibinin dose (0.2 μM) reduced OTA-induced
TNF-α level to 70% while the higher doses (1–26 μM) completely blocked OTA-induced TNF-α within
24 h. Furthermore, the protective effect of 130 μM silibinin against OTA cytotoxicity in hepatocyte
cells was reported [41,42]. The authors assumed that silibinin acts on the cell membranes to prevent
the entry of toxic substances, stimulates protein synthesis, and accelerates regeneration processes.
According to Fan et al. [95], silibinin activated p53 in a dose-dependent manner and thus induced ROS
generation in HeLa cells. Therefore, there is evidence of silibinin’s pro-oxidative action [36]. However,
silibinin could not induce ROS generation in A431 cells without normally functioning p53 [95]. In this
cell line, silibinin did not trigger ROS generation but scavenged ROS.
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Table 6. Mechanism of action of combined exposition to mycotoxins and silibinin. Mechanism of action
is evaluated by combination indexes of mycotoxins on HEK 293T cells pretreated with silibinin 2 h
prior to exposure to T-2, HT-2 and DAS.

Silibinin
Concentration
(μM)

109.00 54.5 27.3 13.6 6.8 3.4 1.7 0.9

T-2 exposure 1.00 ± 0.08
Add

0.91 ± 0.04
Add

1.41 ± 0.11
Ant

1.82 ± 0.06
Ant

1.46 ± 0.14
Ant

0.99 ± 0.02
Add

HT-2 exposure 1.08 ± 0.03
Add

1.03 ± 0.04
Add

1.06 ± 0.07
Add

1.25 ± 0.08
Ant

1.57 ± 0.15
Ant

1.27 ± 0.11
Ant

1.10 ± 0.02
Add

DAS exposure 1.14 ± 0.01
Ant

1.15 ± 0.02
Ant

1.48 ± 0.08
Ant

1.56 ± 0.13
Ant

1.50 ± 0.04
Ant

1.21 ± 0.05
Ant

1.23 ± 0.06
Ant

1.00 ± 0.04
Add

Data are expressed as mean values ± SEM of independent experiment (n = 3), each with six technical replicates.
Combination index (CI) < 0.9, 0.9 ≤ CI ≤ 1, and CI > 1 indicate synergism (Syn), additivity (Add), and antagonism
(Ant), respectively. DAS, diacetoxyscirpenol; HT-2, HT-2 toxin; T-2, T-2 toxin.

Similarly, a silibinin-induced cell death in human breast cancer cell lines MCF7 and MDA-MB-231
was dependent on ROS generation [96]. Similar to silibinin, trichothecenes also generate free radicals
resulting in lipid peroxidation with changes in the membrane integrity, cellular redox signaling, and
overall redox status [97]. In this study, high doses of silibinin (55–109 μM) caused cytotoxic effect
when HEK293T cells were exposed to T-2, HT-2, and DAS. In this case, it could be hypothesized that
the additivity and slight antagonism are the sum of individual effects of silibinin and mycotoxins.
Consequently, antioxidant and pro-oxidant effects of silibinin are largely related to its concentration in
a given biological system. Duan et al. [98] suggested that silibinin can possess both survival and death
effects depending on the dose and time of exposure.

2.3.4. Protective Effects of Silibinin Against Mycotoxin Genotoxicity

The trend of DNA damage induced by AME, AOH, DON, or ENNs in HEK 293T cells was
significantly decreased by the addition of 25 μM silibinin (Figure 4). Silibinin at the concentration
of 25 μM did not induce genotoxic effects in HEK 293T cells and silibinin treatment attenuated the
mycotoxin-induced DNA damage indicating its anticlastogenic potential. Abdel-Wahhab et al. [99]
reported that treatment with silymarin nanoparticles protected the liver against hepatic oxidative stress,
genotoxicity, and cytotoxicity of DON in rats. In the study of Togay et al. [100], DNA damage in rats
with streptozotocin-induced diabetes symptoms were decreased after silibinin treatment. Similarly,
Fernandes Veloso Borges et al. [101] showed that silibinin (5.2–15.5 mM) reduced the amount of DNA
in the comet tail compared to positive control. Silibinin is known to exhibit strong antioxidant activities
and its protective effects against ROS have been demonstrated in different cell lines [41,42]. Protective
effects of silibinin on DNA can be explained by scavenging of ROS [102,103]. DON- and ENNs-induced
genotoxicity may be associated with the oxidative stress [67,74], while oxidative stress does not play a
predominant role in the induction of DNA damage by AOH and AME [66]. This could explain why the
treatment with silibinin caused formation of smaller DNA tails induced by DON and ENNs compared
to AOH and AME.
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Figure 4. Inhibitory effect of silibinin on DNA damage induced by mycotoxins in HEK 293T cells. Values
are expressed as the mean ± SEM (n = 4). Stars indicate significant differences between silibinin-treated
(grey columns) and silibinin-untreated (black columns) comets caused by mycotoxins: * p ≤ 0.05, ** p ≤
0.005, *** p ≤ 0.0005. AME, alternariol-9-methyl ether; AOH, alternariol; DON, deoxynivalenol; ENN A,
enniatin A; ENN A1, enniatin A1; ENN B, enniatin B; ENN B1, enniatin B1.

2.4. Bioavailability of Mycotoxins and Silibinin

Upon ingestion, mycotoxins can be degraded or modified by biotransformation in the intestinal
mucosal wall and only a fraction of the initial content can be absorbed from the gut via intestinal
cells [44,104,105]. In this sense, bioavailability is a term used to describe the portion of ingested
contaminant that reaches the bloodstream [106]. In the present study, we evaluated the transport of
mycotoxins and silibinin by using a two-compartment transwell system representing a co-culture of
Caco-2 and RAW 264.7 cells.

Based on the results in Table 7, the bioavailability of silibinin and mycotoxins were not significantly
different, especially in the systems treated with AME, DAS, and ZEA. For most of the mycotoxins
and silibinin, low aqueous solubility was predicted, which could limit their bioavailability. Previous
publications showed that DON, T-2, and HT-2 were transported efficiently through the epithelial
cell layers with up to 38% after 24 h, 24% after 6 h, and 32% after 24 h, respectively [107]. ZEA
was efficiently absorbed and α-ZEA and β-ZEA are the two major metabolites produced by Caco-2
cells (41% and 32% of total metabolites, respectively; after 3 h exposure to 10 μM ZEA) [108]. BEA
bioavailability was 50% and 54% after 4 h exposure to 3 and 4.5 μM of this mycotoxin, respectively [71].
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Table 7. Transepithelial transport of mycotoxins through Caco-2 cells (%)

Mycotoxins
Apical

Medium
Caco-2 Cells

Basolateral
Medium

Raw 264.7
Cells

Total

AME 35.92 ± 1.53 c 0.49 ± 0.02 ab 17.68 ± 0.86 bcd 0.01 ± 0.00 ab 53.94 ± 1.59 bc

AOH 39.00 ± 22.02 cd 0.04 ± 0.02 a 59.97 ± 2.86 h 0.07 ± 0.02 h 99.08 ± 24.47 e

BEA 10.40 ± 3.89 a 10.36 ± 0.98 d 2.31 ± 0.24 a 0.57 ± 0.03 c 23.65 ± 3.33 a

DAS 29.61 ± 0.87 abc 0.02 ± 0.00 a 40.12 ± 0.50 f 0.02 ± 0.00 a 69.77 ± 0.99 cd

DON 73.33 ± 2.90 f 0.00 ± 0.00 a 21.48 ± 0.91 cde 0.01 ± 0.00 a 94.83 ± 2.14 e

ENN-A 15.08 ± 5.18 ab 10.76 ± 0.43 d 16.18 ± 3.17 b 0.29 ± 0.04 b 42.31 ± 5.00 a

ENN-A1 9.52 ± 3.02 a 2.09 ± 0.28 c 13.06 ± 0.45 b 0.22 ± 0.03 b 24.89 ± 3.24 a

ENN-B 24.08 ± 3.20 abc 1.15 ± 0.25 b 25.49 ± 4.31 e 0.31 ± 0.03 b 51.02 ± 7.70 bc

ENN-B1 10.46 ± 2.43 a 0.51 ± 0.03 ab 28.16 ± 3.37 e 0.60 ± 0.10 c 39.72 ± 4.74 ab

HT-2 72.63±2.25 f 0.01 ± 0.00 a 49.18 ± 1.80 g 0.01 ± 0.00 a 121.83 ± 1.33 f

MPA 57.27 ± 0.79 ef 0.00 ± 0.00 a 39.77 ± 0.52 f 0.02 ± 0.00 a 97.07 ± 0.27 e

T-2 11.63 ± 0.62 a 0.01 ± 0.00 a 28.13 ± 0.48 e 0.01 ± 0.00 a 39.77 ± 0.98 b

TEN 28.07 ± 0.62 abc 0.00 ± 0.00 a 7.25 ± 0.72 ab 0.00 ± 0.00 a 35.33 ± 0.10 ab

ZEA 32.23 ± 1.71 bc 0.19 ± 0.01 ab 54.24 ± 2.38 gh 0.05 ± 0.01 a 86.70 ± 0.67 de

Silibinin 44.34 ± 1.96 cd 0.00 ± 0.00 a 23.24 ± 1.79 de 0.00 ± 0.00 a 67.58 ± 2.95 cd

Values are expressed as the mean ± SEM (n = 3). The different letters (e.g., a and b) indicate the significant differences
between the mycotoxins in one type of medium/cell based on post-hoc Duncan’s test (p ≤ 0.05). Similar or sharing
letters (e.g., a and ab) show no significant differences between the mycotoxins in one type of medium/cell (p
≤ 0.05). AME, alternariol-9-methyl ether; AOH, alternariol; BEA, beauvericin; DAS, diacetoxyscirpenol; DON,
deoxynivalenol; ENN A, enniatin A; ENN A1, enniatin A1; ENN B, enniatin B; ENN B1, enniatin B1; HT-2, HT-2
toxin; MPA, mycophenolic acid; T-2, T-2 toxin; TEN, tentoxin; ZEA, zearalenone.

In our study, the bioavailability of ENNs was similar. However, ENN-A and A1 were detected
in higher amount in cells while ENN-B and B1 had higher concentration in basolateral medium. A
similar result was also obtained in study by Meca et al. [109]; ENN-B and B1 were more bioavailable
from the lumen to blood in the Caco-2 cells compared to ENN-A and A1. Because the total amounts
of mycotoxins AME, AOH, DAS, ENN-B, and TEN in the system were significantly lower than their
original amounts added into the apical medium, we can presume their metabolization. This fact was
also confirmed by our in silico prediction as well as by non-target U-HPLC-MS analysis. By this analysis,
we confirmed the presence of AME metabolites (3-O-glucuronide, 7-O-glucuronide, and 3-O-sulfate),
AOH metabolites (3-O-glucuronide and 9-O-glucuronide), DAS metabolites (15-monoacetoxyscirpenol,
4-monoacetoxyscirpenol, 7-hydroxy, 8β-hydroxy, and deepoxy-15- monoacetoxyscirpenol), ENN-B
metabolite (metabolite M6), and TEN metabolites (metabolite M1, metabolite M2, and metabolite M3).
These metabolites were previously described in several studies [110–113].

Based on the total amount of mycotoxins found in our transepithelial system, BEA, ENN-A,
A1, B1, T-2, and silibinin should be metabolized as well. T-2 metabolites were detected in
our system, namely 3′-hydroxy, 3-hydroxy-15-deacetyl as well as its main metabolite, and HT-2
derivatives (3′-hydroxy-HT-2, 4′-hydroxy-HT-2, deepoxy-3′,7-dihydroxy-HT-2 [111]). The main
silibinin metabolite found was a sulfate derivative. In human cells, T-2 could mainly transform to HT-2
and nesolaniol or other products such as 3′-hydroxy-T-2, 4-deacetylnesolaniol, T-2 glucuronide, and
HT-2-glucuronide [97].

HT-2 and DON were dominantly detected, mostly in apical medium. This might be because
DON was not metabolized by intestinal cells and HT-2 was the main metabolite of T-2, which was
previously observed [107]. Besides, BEA and enniatins were found in both RAW 264.7 and Caco-2
cell fractions. It seems that these mycotoxins interact with the membrane according to their in silico
predicted lipophilicity.

In agreement with in silico prediction, MPA was unavailable to the cells thanks to its low solubility.
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3. Conclusions

In the present study, ACD/Percepta was used to predict the properties of mycotoxins and silibinin.
In comparison to in silico prediction, in vitro cytotoxicity studies confirmed that T-2, HT-2, and DAS
exhibited the highest cytotoxicity of the fourteen mycotoxins tested. The binary combination results
suggest that the co-occurrence of these mycotoxins may increase their cytotoxic effects compared to a
single mycotoxin. The findings on protective effects of silibinin against both the acute cytotoxicity of
mycotoxins (T-2, HT-2, and DAS) and genotoxicity of AME, AOH, DON, and ENNs on HEK 293T in a
dose-dependent manner should be taken into account. Finally, the bioavailability of mycotoxins and
silibinin does not differ too much and most of the them are metabolized during the transport through
epithelial cell layer.

4. Materials and Methods

4.1. Reagents and Instrumentations

The following chemical reagents and cell culture components were purchased from Sigma-Aldrich
(USA): Dulbecco’s Modified Eagle’s Medium (DMEM), Minimum Essential Medium (MEM),
trypsin/EDTA solutions, antibiotic mixture (penicillin and streptomycin), phosphate buffer saline
(PBS), resazurin sodium salt, silymarin, silibinin and mycotoxins. Stock solutions of T-2, HT-2, DAS,
DON, BEA, ZEA, ENN-A, ENN-A1, ENN-B, ANN-B1, AOH, AME, TEN, and MPA were prepared in
methanol and maintained at −20 ◦C in dark. The final concentrations of methanol in the solutions of
mycotoxins in culture medium were ≤ 1% (v/v).

4.2. Cell Lines and Cell Cultures

Human colon adenocarcinoma (Caco-2), mouse macrophage (RAW 264.7), human hepatoblastoma
(HepG2), and embryonic kidney (HEK 293T) cell lines were obtained from ATCC (USA). Stock cultures
of RAW 264.7 and HEK 293T cells were maintained in DMEM, while Caco-2 and HepG2 cells were
cultured in EMEM. Both media were supplemented with fetal bovine serum (FBS) (10%) and 1%
of antibiotic mixture (penicillin, 100 IU/mL and streptomycin, 100 g/mL) incubated at 37 ◦C in the
atmosphere of 5% CO2. For cell counting and subculture, the cells were dispersed with a solution of
0.05% trypsin and 0.02% EDTA. The medium was changed every third day, and the cells were passaged
at approximately 80% confluence. At passages 9–29, the cells were seeded in 96-well plates for the
cytotoxicity assays and, passages 30–50 of the Caco-2 cells were used for the co-culture system.

4.3. Milk Thistle-Based Dietary Supplement

The milk thistle-based dietary supplement (Ostropestřec plus, Farmax®, Ruakura, New Zealand)
was purchased on the Czech market. Its characterization, as provided by manufacturers, was as follows:
milk thistle extract (Silybum marianum, seed) 250 mg in one capsule—standardized to contain 80%
silymarin. The internal content of twenty capsules was weighed separately and then mixed together to
obtain the homogenized representative sample.

The quantitative analysis, which was published previously [46], showed total content of mycotoxins
equal to 4 ng in one capsule. This content was recalculated according to recommended daily dose and
the volume of blood in the human body (5 L) as follows: 8 nM AOH, 4.5 nM AME, 9.4 nM DON, 6.2
nM T-2, 5.0 nM HT-2, 0.04 nM DAS, 1.1 nM ZEA, 3.7 nM TEN, 3.5 nM BEA, 0.7 nM ENN-A, 1.7 nM
ENN-A1, 2.7 nM ENN-B, and 2.6 nM ENN-B1. The concentrations of silibinin, the most abundant
component of silymarin complex, was 29 μM in the supplement.

4.4. In Silico Toxicity Analysis

ACD/Percepta (ACD/Percepta Platform, version 2016, build 2911, Advanced Chemistry
Development, Inc., Toronto, ON, Canada, www.acdlabs.com, 2016) was used to predict the most
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common physicochemical, pharmacokinetic and toxicology properties. For ACD/Percepta data, a
reliability index (RI) higher than 0.75 was considered as highly reliable (marked as a), while RI < 0.5
was considered as borderline reliable (marked as *).

4.5. Cytotoxicity Assay

The cells were counted by Cellometer Auto T4 (Nexcelom Bioscience, Lawrence, MA) and the cell
suspension containing cell density 105 cells/mL was split into the 96-well plate. The plates were then
incubated for 24 h at 37 ◦C in humidified atmosphere of 5% CO2. Then, the tested compounds were
added. To assess the effect of silibinin, cells were pre-treated with silibinin at the given concentrations 2
h prior to mycotoxin exposure. After 72 h incubation, the cell viability was tested by standard resazurin
assay [114]. Briefly, the cells were washed three times with 100 μL of PBS and incubated with 100 μL of
resazurin solution (0.025 mg/mL) for 3 h. Finally, the fluorescence was measured by a SpectraMax i3x
microplate reader (Molecular Devices, UK) at a wavelength of 560 nm excitation/590 nm emission.

4.6. P-gp Substrate Determination

The in vitro P-gp activation was tested using the Pgp-Glo Assay System according to the standard
procedure [79]. Briefly, the reaction mixture contained Pgp-Glo Assay buffer, P-gp containing
membranes, and MgATP in a total volume of 50 μL. As the controls, Na3VO4 (P-gp inhibitor) and
verapamil (P-gp substrate) were used. Mycotoxins were added and the reaction mixture was incubated
for 1 h in 37 ◦C. The reaction was stopped by the addition of the detection reagent (50 μL). After 20
min of incubation, the luminescence was recorded.

The luminescence (ΔRLU samples) was calculated as the difference between the relative
luminescence of Na3VO4 and that of the samples. For the P-gp substrates, the specific activity
of P-gp was determined using the standard ATP curve and calculating the amount of nanomoles of ATP
consumed per μg of P-gp per minute. The standard ATP curve was determined by linear regression
and the concentrations of ATP consumed in the samples were recalculated by the subsequent standard
interpolation of RLU ATP.

4.7. Caco-2/RAW 264.7 Co-Culture System

Caco-2 cells were re-seeded in polycarbonate membrane inserts (0.4 μm pore diameter, 12 mm
insert 12-well plate; Corning, USA) at 2 × 105 cells/cm2 [43]. The culture medium was changed three
times a week. After 21 days post-seeding, the monolayers of differentiated Caco-2 cells were used for
co-culture experiments. Only the monolayers expressing a transepithelial flux of phenol red to the
basolateral compartment of approximately 10−7 cm/s [115] were used in subsequent experiments. For
the co-culture system, RAW 264.7 cells were seeded in 12-wells plates at a density of 8.5 × 105 cells/well
(at Day 20 of the Caco-2 cells differentiated monolayers) [116]. Twenty-four hours after seeding of
RAW 264.7 cells, the co-cultures were performed (Day 21). Non-cytotoxic doses of mycotoxins were
selected for 4 h treatment in transwell plates.

4.8. U-HPLC-MS Determination of Mycotoxins and Silibinin

All culture medium from apical, basolateral compartments, Caco-2 and RAW 264.7 cells were
collected after treatments. Mycotoxins and silibinin were extracted by ethanol and the extracts
were analyzed by U-HPLC-MS according to previously described instrumental method [46]. The
concentration of mycotoxins and silibinin were determined by external calibration batch of analytical
standards dissolved in ethanol to concentration range of 0.1–200 ng/mL for mycotoxins and 50–2500
ng/mL of silibinin. The repeatability of the method, expressed as relative standard deviation (RSD),
was evaluated by repeated analysis (n = 7) of control samples (both culture media and cell types)
fortified before extraction by mycotoxins standard mixture and silibinin to final concentration in extract
of 50 and 500 ng/mL, respectively. The RSD were in the range of 1.5–7.3% for all of the analyte/matrix
combinations. The limits of quantitation (LOQ), evaluated for each of the analytes as the lowest
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level of calibration batch laying within linear concentration range, were 0.1–0.5 ng/mL for particular
mycotoxins and 50 ng/mL for silibinin.

4.9. Combination Effect of Mycotoxins in Binary Mixtures

The “linear interaction effect”, also called “response additivity”, was used to evaluate the
mycotoxins combined effects [43]. A combination index (CI) was calculated for each combination. This
index is recognized as a standard measure of combination effect and CI < 0.9, 0.9 ≤ CI ≤ 1.1, and CI >
1.1 indicate synergism, additivity, and antagonism, respectively. The CI of “linear interaction effect”
model can be calculated as:

CI =
observed e f f ect (mycotoxin 1) + observed e f f ect (mycotoxin 2)

observed e f f ect (mycotoxin 1 + mycotoxin 2)
(1)

4.10. Genotoxicity Assay

Genotoxicity was studied by standardized method known as a single cell gel electrophoresis
(Comet assay) [117]. Briefly, HEK 293T cells were seeded in 12-well plates (106 cells/mL) and treated
with mycotoxins (25 μM) or combination of mycotoxin (25 μM) and silibinin (25 μM) for 24 h.

DMSO was added to control cells in the concentration of 0.6%, which is identical to the concentration
of the solvent in the tested samples. Cells for the positive control were treated with 100 μM H2O2 in
PBS for 10 min in 37 ◦C.

The cells were detached using trypsin (EDTA) and frozen in freezing medium (10% DMSO, 40%
serum, 50% DMEM) at −160 ◦C. For the Comet assay, the cell suspension was centrifuged at 1000 × g
for 1 min. The pellet was resuspended in 0.5 mL of PBS. A 50-μL aliquot of the suspension was mixed
with 150 μL of LMP agarose (0.01 g/mL). Then, 80 μL of resulting agarose–cell suspension were spread
onto the slide pre-coated with 1% regular agarose. The slides were allowed to solidify followed by
cell lysis, gel electrophoresis, and staining [118] Slides were scored using an image analysis software
(ImageJ 1.51s, National Institutes of Health, WI, USA) connected to a fluorescence microscope (AX70
Provis, Olympus, Japan). All experiments were performed in tetraplicate, and in each parallel images
of 100 randomly selected cells were evaluated. Comet parameters considered in this study were the
tail length and the proportion of DNA in the comet tail (tail DNA or tail intensity).

4.11. Data Processing and Statistical Analysis

All experiments were independently repeated at least three times (biological replicates). In
addition, each replicate included at least three replicated treatments (technical replicate). The relative
activity was evaluated as a percentage according to the formula:

RA (%) = 100× (slope of sample− average slope of PC)

(average slope of NC− average slope of PC)
(2)

The results are expressed as the average ± standard error of the mean (SEM). Values of IC50 were
obtained by using the software GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA)
and nonlinear regression:

Y =
Bottom + (Top− Bottom)

1 + 10(logIC50−X)×HillSlope
(3)

The significance was tested by one-way ANOVA followed by the t-test for multiple comparisons
using Statgraphics software (Statgraphics Technologies, Inc., USA) and the Excel t-test function
(two-tailed distribution, heteroscedastic type). p-values < 0.05 were considered statistically significant.
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Abbreviations

ABCB1 ATP-binding cassette sub family member 1
AFB1 aflatoxin B1
AME alternariol-9-methyl ether
AOH alternariol
ASBT intestinal bile acid transporter
BEA beauvericin
BF-2 a fibroblast cell line originally established from the caudal fin of Lepomis macrochirus (Bluegill)
C-28/I2 immortalized human chondrocyte
Caco-2 Caucasian colon adenocarcinoma
CI combination index
CHO-K1 Chinese hamster ovary
DAS diacetoxyscirpenol
DMEM Dulbecco’s Modified Eagle’s Medium
DON deoxynivalenol
EMEM Minimum Essential Medium
ENN A enniatin A
ENN A1 enniatin A1
ENN B enniatin B
ENN B1 enniatin B1
ENNs enniatins
FB1 fumonisin B1
FBS fetal bovine serum
HEK-293T human embryonic kidney 293
HepG2 hepatocellular carcinoma epithelial
HT-2 HT-2 toxin
HT29 human Caucasian colon adenocarcinoma
IC50 the mycotoxin concentration that halved the cellular viability
LMP low melting point
LogP logarithmic values of octanol–water partition coefficient
LOQ limit of quantitation
MCF7 human Caucasian breast adenocarcinoma
MDA-MD-231 human breast adenocarcinoma
MDCK Madin–Darby canine kidney
MDR1 multidrug resistance protein 1
MPA mycophenolic acid
NADH 1,4-Dihydronicotinamide adenine dinucleotide
OTA ochratoxin A
PBS phosphate buffer saline
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PepT1 intestinal peptide transporter 1
P-gp P-glycoprotein
RAW mouse macrophage
ROS reactive oxygen species
RSD relative standard deviation
SF-9 the lepidopteran (S. frugiperda) cells obtained from the envelope of pupal ovaries
T-2 T-2 toxin
TEN tentoxin
TNF-α tumor necrosis factor alpha
V79 lung fibroblasts from male Chinese hamster
Vero mammalian kidney epithelial
ZEA zearalenone
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Abstract: Ochratoxin A (OTA), an important mycotoxin that occurs in food and animal feed,
has aroused widespread concern in recent years. Previous studies have indicated that OTA
causes nephrotoxicity, hepatotoxicity, genotoxicity, immunotoxicity, cytotoxicity, and neurotoxicity.
The intestinal toxicity of OTA has gradually become a focus of research, but the mechanisms
underlying this toxicity have not been described. Here, differentiated Caco-2 cells were incubated
for 48 h with different concentrations of OTA and transcriptome analysis was used to estimate
damage to the intestinal barrier. Gene expression profiling was used to compare the characteristics of
differentially expressed genes (DEGs). There were altogether 10,090 DEGs, mainly clustered into two
downregulation patterns. The Search Tool for Retrieval of Interacting Genes (STRING), which was
used to analyze the protein–protein interaction network, indicated that 24 key enzymes were mostly
responsible for regulating cell apoptosis. Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) analysis was used to validate eight genes, three of which were key genes (CASP3, CDC25B,
and EGR1). The results indicated that OTA dose-dependently induces apoptosis in differentiated
Caco-2 cells. Transcriptome analysis showed that the impairment of intestinal function caused by
OTA might be partly attributed to apoptosis, which is probably associated with downregulation
of murine double minute 2 (MDM2) expression and upregulation of Noxa and caspase 3 (CASP3)
expression. This study has highlighted the intestinal toxicity of OTA and provided a genome-wide
view of biological responses, which provides a theoretical basis for enterotoxicity and should be
useful in establishing a maximum residue limit for OTA.

Keywords: ochratoxin A; differentiated Caco-2 cells; cell apoptosis; transcriptome analysis

Key Contribution: Transcription analysis indicated that OTA-induced intestinal toxicity may be
induced by apoptosis through the regulation of MDM2 and CASP3 which provide a theoretical basis
for toxicological evaluation of OTA.
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1. Introduction

Ochratoxin A (OTA) is a fungal secondary metabolite produced by certain Penicillium and
Aspergillus species, including Penicillium verrucosum, Aspergillus ochraceus, and Aspergillus niger [1]. OTA
was first isolated from A. ochraceus in 1965 and was found to contaminate the food chain worldwide [2].
It is widely found in various grains and vegetables [3–5], as well as in food products of animal origin,
such as meat, eggs, and milk [6–9]. Milk, which has high bioavailability and is an abundant source of
nutrients, is widely recognized to be an important component of the human diet. As the consumption
of milk has increased over recent years, the mycotoxins found in milk have received increasing
attention. A provisional tolerable weekly intake of 100 ng/kg.bw/week has been established for OTA
by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) [10], JECFA, 2001), although a
maximum residue limit (MRL) for OTA in milk has not been agreed upon internationally. A study
in Italy detected OTA concentrations of 70–110 ng/L in organic milk [11]. In China, Huang et al. [12]
measured levels of OTA in raw, powdered, and liquid cow’s milk, and found mean concentrations of
56.7, 27.0, and 26.8 ng/kg, respectively. In Sudan, the level of OTA in a contaminated milk sample was
as high as 2730 ng/L [13]. OTA has been classified in Group 2B (possible carcinogens in humans) by
The International Agency for Research on Cancer, because of evidence of carcinogenicity in animals,
but not in humans [14].

The gastrointestinal tract (GIT) is essential for human health and provides a barrier between the
external environment and the tightly regulated internal environment [15]. The GIT can be exposed to
numerous contaminated foods and high doses of some mycotoxins [16]. Early studies on OTA focused
mainly on the diversity of toxic effects in different animal species [17–19]. Recent studies, however,
have reported the toxic effect of OTA on the intestine [20,21]. OTA-induced intestinal damage has
been reported in both animals and in vitro intestinal models [22,23]. It has been shown to damage the
intestinal epithelium in chickens and rats [24–26] and also shows toxicity in intestinal epithelial cells,
including a porcine intestinal cell line (IPEC-J2) and human intestinal epithelial lines (HT-29-D4 cells
and Caco-2 cells) [20,27,28]. Previously published studies have shown that cell apoptosis is one of
the ways by which OTA exerts intestinal toxicity [20,26,29]. Wang et al. [20] suggested that apoptosis
induced by OTA may play a major role in the intestinal toxicity of this mycotoxin, and Bouaziz et al. [30]
also suggested that OTA causes toxicity through apoptosis. OTA has been shown to induce apoptosis
in different cell lines [31–35], which may be one of the main cellular mechanisms underlying the
toxic effects. However, the molecular mechanisms responsible for cell apoptosis, which leads to
intestinal toxicity, are still inadequately understood. It is, therefore, important to investigate the
mechanism of apoptosis of intestinal epithelial cells following exposure to OTA. In the present study,
we used differentiated Caco-2 cells as they can form polarized apical/mucosal and basolateral/serosal
membranes that are similar to those formed by epithelial cells in the small intestine [36]. Moreover,
it has been acknowledged by the Food and Drug Administration that differentiated Caco-2 cells are a
suitable model for evaluating the impact of toxins on intestinal barrier function [37,38].

With large-scale transcription approaches, a comprehensive overview, provided by high
throughput data, can easily reveal biological pathways and processes that have not been found
before [39]. Using whole-genome transcriptome profiling, RNA sequencing (RNA-seq), an unbiased
sequencing tool, has been used to detect changes of gene expression in tissue samples or cells [40,41].
The aim of this study was to investigate the mechanism of OTA-induced apoptosis in differentiated
Caco-2 cells and to use RNA-seq technology to evaluate changes in gene expression and profile to
clarify the mechanism of OTA-induced apoptosis in differentiated Caco-2 cells.

2. Results

2.1. OTA Induces Apoptosis in Differentiated Caco-2 Cells in a Dose-Dependent Manner

After treatment with OTA (0.0005, 0.005, and 4 μg/mL) for 48 h, Annexin V-PI dual staining and
flow cytometry were used to detect apoptosis of differentiated Caco-2 cells (Figure 1a). As depicted
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in the histogram (Figure 1b), the percentage of apoptotic cells was increased by treatment for 48 h
with 0.0005 μg/mL (2.9% ± 0.67%), 0.005 μg/mL (5.23% ± 0.21%), and 4 μg/mL (20.9% ± 2.49%) OTA,
compared with the control (2.3% ± 0.08%). The percentage of cell apoptosis was significantly increased
in differentiated Caco-2 cells (p < 0.05) when the concentration of OTA was 4 μg/mL (Figure 1b).
The number of living cells in the Q3 regions of the flow cytometry plots also decreased as the
concentration of OTA increased (Figure 1a).

 

Figure 1. Effects of ochratoxin A (OTA) on apoptosis in differentiated Caco-2 cells. Incubation of cells
for 48 h with OTA (0, 0.0005, 0.005, and 4 μg/mL) was followed by analysis using flow cytometry.
(a) Representative flow cytometry plots are presented for the control group (CTL) and OTA groups
(0.0005 μg/mL, 0.005 μg/mL, and 4 μg/mL). (b) Histogram showing number of differentially expressed
genes after treatment with three concentrations of OTA compared with the control group. * represents
a significant difference (p < 0.05).
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2.2. Effect of OTA on Gene Expression Patterns

There were 18,654 unigene annotations in the control group (56.56% of all the 32,938 reference
unigene sequences) and 18,475 (56.56%), 18,898 (57.30%), and 19,853 (55.61%) unigene annotations
in the 0.0005, 0.005, and 4 μg/mL OTA groups., respectively. Using a p-value < 0.05 and a 2-fold
change (FC) as the conditions for discrimination, we identified 503, 2139, and 9402 differentially
expressed genes (DEGs) when the cells were incubated for 48 h with 0.0005, 0.005, and 4 μg/mL OTA,
respectively. At these three concentrations of OTA, 35, 258, and 1437 genes were upregulated and
468, 1881, and 7965 genes were downregulated, respectively (Figure 2). At all concentrations of OTA,
downregulation of genes was the main trend (93%, 88%, and 85% of the total DEGs, respectively).
The number of DEGs in differentiated Caco-2 cells increased with increasing OTA concentration. Using
a Venn diagram, we found that 3 upregulated DEGs and 169 downregulated DEGs were commonly
modulated by all three concentrations of OTA (Figure 3a,b). Compared with the control, there were
257 overlapping DEGs between the 0.0005 and 0.005 μg/mL OTA groups and 1532 overlapping DEGs
between the 0.005 and 4 μg/mL groups (Supplementary Figure S1), showing that the common DEGs
were increased in a dose-dependent manner. To assess the expression patterns of mRNAs at different
concentrations of OTA, we used heatmaps to analyze the overall transcriptome differences (Figure 3c).
The same differently expressed transcripts were present in three separate runs of the control group
(CTL1, CTL2, CTL3), the 0.0005 μg/mL treatment group (0.0005-1,2,3), the 0.005 μg/mL treatment group
(0.005-1,2,3), and the 4 μg/mL treatment group (4-1,2,3) (Figure 3c). The heatmap (Figure 3c) shows
accurate repeatability and high reliability.

 

Figure 2. Differentially expressed genes (DEGs) identified in differentiated Caco-2 cells after exposure
to 0.0005, 0.005, and 4 μg/mL OTA for 48 h. Histogram shows the number of DEGs compared with the
control (CTL).
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Figure 3. Gene expression profiles of differentiated Caco-2 cells treated with ochratoxin A (OTA).
(a) Venn diagram depicting upregulated DEGs common to different doses of OTA. (b) Venn diagram
depicting downregulated DEGs common to different doses of OTA. (c) Hierarchical clustering of
common DEGs in differentiated Caco-2 cells based on log10-transformed expression values (fragments
per kilobase of transcript per million fragments mapped, FPKM).
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2.3. Gene Ontology (GO) Annotation and KEGG Enrichment Analysis of DEGs

Using the FC and p-value thresholds described in the Methods section above, we obtained
10,090 DEGs (compared with the control, the sum of DEGs of the OTA treatment at different
concentrations), which could be clustered into eight profiles using the short time-series expression
miner to obtain dynamic expression patterns of the DEGs. Among these eight profiles, two classic
downregulated profiles (profiles 0 and 3) were significantly enriched (Supplementary Figure S2).
A total of 7199 DEGs were mainly clustered into these two downregulated profiles, which contained
1883 and 5226 genes, respectively (Supplementary Figure S3). To discover the functions of the DEGs
and the associated biological processes altered by OTA treatment of differentiated Caco-2 cells, we
carried out a gene ontology (GO) (http://www.geneontology.org/) enrichment analysis, in which the
DEGs were divided into three independent GO categories. Single DEGs could be annotated to more
than two GO terms and the most enriched GO terms are displayed in Figure S3. The three main
categories of the GO classification were assessed for enriched genes.

All the DEGs were mapped in the Kyoto Encyclopedia of Genes and Genomes (KEGG, https:
//www.kegg.jp) database to detect the response pathways altered by treatment with OTA. Of the DEGs
that could be annotated to the KEGG pathway, most were associated with metabolism and signal
transduction pathways. In profile 0, the enriched pathways were pyrimidine metabolism, the TNF
signaling pathway, ribosome biogenesis in eukaryotes, and the Wnt signaling pathway. In profile
3, the enriched pathways were endocytosis, cell cycle, ubiquitin-mediated proteolysis, pyrimidine
metabolism, and AMPK signaling (Figure 4).

Figure 4. Scatter plots of the top 20 enriched Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway terms (a), profile 0; (b), profile 3. Enriched items were measured by the rich factor, q value
(q < 0.05), and number of genes. TNF, tumor necrosis factor.

2.4. Key Pathways and DEGs Related to Cell Apoptosis

Using the GO annotation and KEGG analysis, we can select the key pathways that are associated
with the toxic effects of OTA in differentiated Caco-2 cells. DEGs from the key significantly enriched
pathways, particularly those shared between the different concentrations of OTA, may be thought of
as the key gene expression regulators that respond to treatment with OTA. These 10 key pathways,
together with some key genes that participate in or regulate the cell cycle and cell apoptosis, are shown
in Table 1.
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Table 1. Key pathways and important related differentially expressed genes (DEGs) that are associated
with the toxic effect of ochratoxin A (OTA) in differentiated Caco-2 cells. mTOR, mechanistic target of
rapamycin kinase; MAPK, mitogen-activated protein kinase; TNF, tumor necrosis factor.

Pathway Pathway ID Key DEGs from the Pathway

Cell cycle ko04110 MDM2, CDK1, TP53, EP300, ATM, CDKN1B,
TGFB1, CHEK1, CDC25B, CCNB1, PDPK1

P53 signaling pathway ko04115 MDM2, PMAIP1, CASP3, TP53AIP, CDK1, TP53,
ATM, CYCS, TSC2, CHEK1, CASP9, CCNB1, BAX

HIF-1 signaling pathway ko04066 HIF1A, NFKB1, CDKN1B, MTOR, EP300, AKT1,
PIK3R, EGFR, NOX1, INSR, PIK3CA

PI3k-Akt signaling pathway ko04151

CDKN1B, NFKB1, CCND1, BCL2L1, MYC,
PIK3CA, EGFR, MDM2, TP53, IKBKB, AKT1,
HRAS, TSC2, IL3RA, MAPK1, SOS1, CASP3,

MTOR, INSR, BAD, CASP9, PDPK1

mTOR signaling pathway ko04150 MTOR, TNF, IKBKB, PRKAA, PIK3CA, HRAS,
TSC2, MAPK1, AKT1, SOS1, INSR, PDPK1

Apoptosis ko04210

XIAP, BCL2L1, NFKB1, PIK3CA, CASP3, CYC,
BAX, BAD, IL3RA, CASP9, CFLAR, TP53, ATM,

HRAS, TRADD, MAPK1, RIPK1, CDKN1B,
PMAIP1, TP53AIP, AKT1, TNF, IKBKB

Foxo signaling pathway ko04068

CDKN1B, PIK3CA, MDM2, PDPK1, EGFR1,
FOXO1, AKT1, IRS1, INSR, MDM2, TGFB1,
IKBKB, ATM, HRAS, MAPK1, SOS1, EGFR,

EP300, CCNB1, TGFB1

Insulin signaling pathway ko04910
MAPK1, SOS1, PIK3CA, AKT1, MTOR, IRS1,

INSR, HRAS, TSC2, TRADD, MAPK1, CALM1,
IKBKB, FOXO1

MAPK signaling pathway ko04010
TNF, CASP3, NFKB1, TP53, MAPK14, TGFB1,
PIK3CA, HRAS, SOS1, EGFR, MAPK1, TRAF2,

CDC25B, AKT1, TNF, IKBKB

TNF signaling pathway ko04668
XIAP, TNF, NFKB1, CASP3, IKBKB, MAPK1,
MAPK14, CASP8, TRADD, FADD, MAPK1,

RIPK1, TRAF2, AKT1, PIK3CA

As shown in Figure 5, the 50 DEGs that occurred frequently in these key pathways, or participated
in individual key pathways, were combined and employed to construct a protein–protein interaction
(PPI) network using STRING. Cytoscape 3.1 was then used for further filtering (Edge score > 0.8).
The 10 key pathways and 24 key DEGs associated with cell apoptosis were identified mainly from
those shared between the different concentrations of OTA in the GO and KEGG analysis, and these key
pathways were largely associated with the regulation of cell apoptosis and the cell cycle. According to
the degree of connectivity of each node, we selected the following 24 key enzymes: murine double
minute 2 (MDM2), v-akt murine thymoma viral oncogene homolog 1 (AKT1), tumor protein p53
(TP53), caspase 3 (CASP3), caspase 9 (CASP9), hras proto-oncogene gtpase (HRAS), mechanistic
target of rapamycin kinase (MTOR), epidermal growth factor receptor (EGFR), bcl-2-like protein
1 (BCL2L1), tumor necrosis factor (TNF), atm serine/threonine kinase (ATM), cytochrome C somatic
(CYCs), mitogen-activated protein kinase 1 and 14 (MAPK1, MAPK14), ribosomal protein s6 kinase B1
(RPS6KB1), x-linked inhibitor of apoptosis (XIAP), nuclear factor kappa B subunit 1 (NFKB1), cyclin
B1 (CCNB1), E1A binding protein p300 (EP300), inhibitor of nuclear factor kappa B kinase subunit
beta (IKBKB), TSC complex subunit 2 (TSC2), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA), cyclin dependent kinase 1 (CDK1), and forkhead box O1 (FOXO1).
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Figure 5. Protein–protein interaction (PPI) network for 50 important enzymes encoded by key
differentially expressed genes (DEGs) of key pathways. Different nodes represent different enzymes.
Interactions between these enzymes are represented by different size nodes; the larger the node, the
stronger the connectivity.

2.5. Validation of RNA-Seq Results by qRT-PCR

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis was performed
to validate the high throughput data. We determined the expression of the following eight randomly
selected genes: caspase 3 (CASP3), C–X–C motif chemokine ligand 2 (CXCL2), cell division cycle
25B (CDC25B), early growth response 1 (EGR1), FRY like transcription coactivator (FRYL), H2B
histone family members (H2BFS), sedoheptulokinase (SHPK), and transcription factor EC (TFEC).
Expression levels of CDC25B, SHPK, ERG1, FRYL, and TFEC significantly decreased after OTA
treatment. In contrast, expression of CASP3, CXCL2, and H2BFS significantly increased (Figure 6a).
These expression patterns were in good agreement with the data obtained by RNA-Seq, confirming
the reliability of the two methods. There was a strong correlation (r = 0.803) between RNA-seq and
qRT-PCR (Figure 6b). The protein levels of two randomly selected genes, MDM2 and CASP3, were
measured by Western blotting. MDM2 levels significantly decreased and CASP3 levels increased after
treatment with OTA (Figure 7).
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Figure 6. (a) Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) results for eight
DEGs compared with RNA-seq results. The blue bars represent RNA-seq data and the orange bars
represent q-PCR data. (b) Correlation analysis between RNA-seq and qPCR.

  
Figure 7. Effect of OTA (0.0005, 0.005, and 4 μg/mL) on cell apoptosis-related proteins in differentiated
Caco-2 cells. Protein extracts were immunoblotted for candidate proteins (a) and band densities
were quantified (b). Results are the mean of three separate experiments performed in triplicate ± SD.
* p < 0.05, significantly different from control group.

3. Discussion

OTA has deleterious effects on humans and animals, resulting in worldwide illness and economic
losses. Exposure to OTA occurs from ingestion of contaminated food and feed [42]. The small intestine
is the main site of OTA absorption, with the largest absorption in the proximal jejunum [43]. Because
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of their location and function, intestinal epithelial cells are a potential target for the toxic effects of
OTA. In the present study, flow cytometry showed that the number of apoptotic cells increased with
increasing OTA concentration (Figure 1), which is consistent with previous studies demonstrating that
OTA can induce apoptosis of intestinal cells [20,44,45]. Apoptosis, which is a form of programmed cell
death, may disrupt the integrity of the intestinal barrier [46,47]. OTA induces apoptosis by modulating
BcL-2 family members [30,48], and activation of MEK/ERK1-2 signaling has been shown to be crucial
for OTA-induced apoptosis in HK-2 cells [49]. Although OTA-induced apoptosis has been studied
previously, there has been a tendency to focus mainly on a particular pathway [20,49,50]. In this study,
we chose instead to search for related pathways from a holistic perspective because transcriptome data
can quickly and economically supply accurate genome information, particularly in identifying the
effects of biological pathways and processes [51,52]. Elena et al. (2016) used transcriptomic analysis to
reveal the different toxicity mechanisms of OTA and citrinin [53]. Hence, we used a transcriptomic study
to provide a genome-wide biological view of changes that occurred after treatment of differentiated
Caco-2 cells with different concentrations of OTA.

For the GO annotation, the main GO terms of the DEGs were cell processes and metabolic processes.
Another microarray study demonstrated that OTA decreased mRNA levels of genes involved in liver
cell metabolism [54]. KEGG enrichment analysis showed that there are key pathways, such as the
cell cycle, the MAPK signaling pathway, the TNF signaling pathway, and the p53 signaling pathway,
that are highly associated with cell apoptosis (Figure 4). These results indicate that OTA-induced
cell apoptosis probably involves changes to the enriched pathways, such as the cell cycle, and other
important signaling pathways. From the results obtained in this study, we speculate that cell apoptosis
happens in an orderly manner and can be regulated by many mechanisms. Liang et al. [55] pointed
out that OTA suppresses the cell cycle, particularly DNA replication, leading to cell cycle arrest and
apoptosis. OTA has been shown to regulate apoptosis, the cell cycle, and cell fate following DNA
damage by stimulating MAPK signaling pathways, such as p38 MAPK, ERK1/2, and JNK [56–58].
Apoptosis of liver and/or kidney cells has also been shown to be influenced by activation of certain
signal transduction pathways, such as MAPK, ERK, p38, and JNK [56,59,60]. Another study obtained
data that were of great importance in characterizing the modulatory effect of the TNF signaling pathway
on apoptotic signaling [61]. Activation of the p53 pathway has also been shown to play a key role in
OTA-induced apoptosis of human and monkey kidney cells [33]. These results are in agreement with
reported research demonstrating that OTA triggers a p53-dependent apoptotic pathway in human
hepatoma cells [62]. Using knockout mice, Hibi et al. showed that the p53 pathway plays a key role in
OTA-induced genotoxicity [63]. Because previous research has highlighted the role of p53 signaling in
OTA-induced apoptosis, in this study, we concentrated on the p53 pathway and analyzed its specific
regulatory mechanism.

The p53 signaling pathway, which is amplified by different concentrations of OTA, plays a key
role in regulating DNA repair mechanisms, oxidative stress, cell cycle arrest, and cell apoptosis [64,65].
In the renal outer medulla, OTA causes genotoxicity by deregulating molecular functions such as
DNA double-strand break repair, cell cycle arrest in response to DNA damage, and p53-associated
factors [66]. Alterations in oxidative stress and calcium homeostasis have also been associated with
OTA-induced toxicity [67]. The proto-oncogene, MDM2, a nuclear protein that is the main cellular
antagonist of p53, can regulate the potentially lethal activities of p53 by tightly combining with a
p53 tumor suppressor protein and negatively regulating its stability and transcriptional activity [68].
Furthermore, MDM2 can not only inhibit the transactivation of p53 activity, but also stabilize p53 and
reduce p53-mediated apoptosis [69]. The p53-MDM2 feedback loop may be important in regulating cell
apoptosis. Previous studies have demonstrated that apoptotic pathways are regulated by proteins such
as the tumor suppressor p53 and inhibitor of apoptosis (IAP) proteins, which are highly regulated by
MDM2 through an autoregulatory feedback loop [70,71]. OTA may induce apoptosis in differentiated
Caco-2 cells through the feedback loop interaction of MDM2 and the p53 signaling pathway. A study
by Gu et al. [72] showed that gambogic acid induced apoptosis of wild-type p53-expressing cancer cells
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through downregulation of MDM2. Another study found that violacein decreased the expression of
MDM2 and caused apoptosis of human breast cancer cells by activating PARP, CDKN1A, TNF-α, and
p53 cleavage [73]. Our transcriptome analysis showed that OTA induced apoptosis in differentiated
Caco-2 cells by activating key downstream genes in the p53 signaling pathway. In these key pathways,
some DEGs, such as CASP3, AKT1, MAPK1, HRAS, PIK3CA, and MDM2, were highly involved
(Figure 5), which appeared in the group 4 μg/mL specially instead of common DEGs (Figure 3). Several
genes (CASP3, CDC25B, CXCL, and EGR1) were randomly selected from these key DEGs and common
DEGs (FRYL, TFEC, SHPK, and H2BFS) were used for gene verification by qRT-PCR analysis. These
key genes, and other DEGs, showed similar results in the RNA-seq analysis (Figure 6), and further
study is needed to elucidate the relationships between the genes and regulation of cell apoptosis.
In contrast to our own study, Kuroda et al. found that expression of the CDK1 gene was increased by
treatment with OTA [74]. We believe that the difference between the studies is because OTA increases
DNA damage in gpt delta rats and CDK1 could accelerate the resection of DNA broken ends during
the homologous recombination process [74–76]. Through analysis of the enrichment pathway, we
found that p53 is a target signaling pathway and speculate that OTA probably induces cell apoptosis
by downregulating MDM2 expression. Western blotting confirmed that OTA-induced cell apoptosis in
differentiated Caco-2 cells is linked to perturbation of MDM2 (Figure 7).

In addition to the downregulation of MDM2, there are several important genes in the p53
signaling pathway that are upregulated in the apoptosis of differentiated Caco-2 cells. These are
Noxa (phorbol-12-myristate-13-acetate-induced Protein1, PMAIP1), tumor protein p53 regulated
apoptosis-inducing protein 1 (P53AIP1), and caspase 3 (cysteinyl aspartate proteases, CASP3). P53
transactivates noxa, bax, puma, and other apoptotic response genes, and their products trigger
mitochondrial apoptosis pathways [50]. Noxa is a member of the pro-apoptotic B-cell lymphoma 2
(BCL-2) family and can not only promote activation of caspases and apoptosis, but also promote changes
in the mitochondrial membrane and outflow of apoptogenic proteins from the mitochondria [77,78].
Functional studies have shown that P53AIP is a pro-apoptosis molecule, and it is believed to play a vital
role in mediating p53-dependent apoptosis. P53AIP1 can lead to CASP3 activation and downstream
activities by decreasing mitochondrial membrane potential and inducing release of cytochrome c.
CASP3 plays a vital role in many events involved in cell apoptosis, including activation of the caspase
cascade and the execution of apoptosis [79–81]. OTA-induced downregulation of MDM2 could regulate
the downstream upregulation of Noxa and P53AIP1, and eventually activate CASP3 in the apoptosis
of Caco-2 cells.

To conclude, we have shown that OTA-induced apoptosis in differentiated Caco-2 cells may
involve downregulation of MDM2 and upregulation of CASP3, through activation of the p53-mediated
cell apoptosis signaling pathway. A more exhaustive study is, however, needed to fully elucidate all of
the underlying mechanisms. We have also demonstrated the intestinal toxicity of OTA and provided a
genome-wide view of biological responses, which provides a theoretical basis for enterotoxicity and
should be useful in establishing an MRL for OTA.

4. Materials and Methods

4.1. Chemicals and Reagents

OTA powder (C20H18ClNO6; molecular weight, 403) was purchased from Pribolab (Qingdao,
China). Human colon adenocarcinoma Caco-2 cells (passage number 18) were acquired from the
American Type Culture Collection (Manassas, VA, USA). Fetal bovine serum (FBS) and Dulbecco’s
modified Eagle’s medium (DMEM) were obtained from Gibco (Carlsbad, CA, USA). Nonessential
amino acids (NEAA), trypsin (2.5%), antibiotics (100 units/mL penicillin, 100 μg/mL streptomycin),
phosphate-buffered saline (PBS), Western and IP Cell Lysis Buffer, and an Annexin V-FITC apoptosis
detection kit were supplied by Beyotime Biotechnology (Shanghai, China). A stock solution of OTA
(1000 μg/mL) was obtained by dissolving OTA in methanol, and stored at −20 ◦C for later use. Rabbit
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anti-β-actin (58169S) and rabbit anti-MDM2 antibodies (86934S) were obtained from Cell Signaling
Technology (Boston, MA, USA), and goat anti-rabbit IgG conjugated to horseradish peroxidase was
obtained from Bioss (Beijing, China).

4.2. Cell Culture and Treatments

Differentiated Caco-2 cells were seeded into six-well Transwell chambers (Corning, NY, USA)
at a density of 1 × 105 cells per well in DMEM containing 4.5 g/L glucose, 1% NEAA, 10% FBS,
and antibiotics. The cells were incubated at 37 ◦C in a humidified atmosphere containing 5% CO2.
A polarized epithelial monolayer of differentiated Caco-2 cells was formed by replacing the medium
every other day for 21 days. Because an MRL for OTA in milk has not yet been established and previous
studies have indicated that OTA and aflatoxin M1 (AFM1) have the same cytotoxicity in human
intestinal Caco-2 cells [82], we chose the concentration of 0.0005 μg/mL for OTA, based on the Chinese
(0.5 μg/kg) limits for AFM1 in milk. We established a concentration gradient when measuring cell
viability and transepithelial electrical resistance [83] and chose the 4 μg/mL concentration to investigate
the effect of an upper concentration limit on intestinal injury, without affecting cell survival. After
48 h of treatment with OTA (0.0005, 0.005, and 4 μg/mL), serum-free medium containing the same
concentration of methanol was added to the control group. Differentiated Caco-2 cells were collected
after 48 h for subsequent cell apoptosis studies, transcriptomics analysis, and qRT-PCR.

4.3. Cell Apoptosis Assay by Annexin V-FITC/PI FACS

Following the instructions of the Annexin V-FITC apoptosis detection kit, the differentiated Caco-2
cells were washed twice with cold PBS after treatment with different concentrations of OTA for 48 h.
Cell samples were trypsinized, transferred to centrifuge tubes, and centrifuged at 1000× g for 5 min.
The supernatant was discarded and the cells were resuspended in PBS (1 mL). The cell suspension was
transferred to a 1.5 mL centrifuge tube and centrifuged again at 1000× g for 5 min. The supernatant
was discarded and the cells were gently resuspended by adding Annexin V-FITC (5 μL), propidium
iodide (10 μL), and Annexin V-FITC binding solution (195 μL). The cells were gently vortexed and
incubated for 10–20 min at room temperature. An FC 500 MCL flow cytometer (Becton Dickinson,
Mountain View, CA, USA) was used to analyze the cell samples within 1 h.

4.4. RNA Extraction, Library Construction, and Transcriptome Sequencing

4.4.1. RNA Extraction

After treatment with OTA (0.0005, 0.005, and 4 μg/mL) for 48 h, Trizol (Invitrogen, Camarillo,
CA, USA) was used to extract total RNA from the differentiated Caco-2 cells in accordance with
the manufacturer’s instructions. Remaining DNA was then removed by treatment with RNase-free
DNase I (Takara Bio, Kusatsu, Shiga, Japan) for 30 min at 37 ◦C. Triple replicates of each treatment of
differentiated Caco-2 cells were combined into a sample to reduce sample variability. After purification
using an RNeasy Mini Kit (Qiagen, Dusseldorf, Germany), a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA) was used to assess RNA quality and RNase-free agarose gel
electrophoresis was used to assess quantity.

4.4.2. Construction of cDNA Library and Illumina Sequencing

RNA-seq was performed on RNA samples from differentiated Caco-2 cells treated with each of
the three concentrations of OTA described above. High-quality RNA from each sample was enriched
using magnetic Oligo (dT) beads and used to construct and sequence a cDNA library. Suitable cDNA
fragments were selected as templates for PCR amplification using index primers and NEB universal
PCR primers. When constructed, the cDNA library was sequenced using a HiSeqTM 2500 RNA
sequencing system (Illumina, San Diego, CA, USA).
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4.4.3. De Novo Assembly and Quantification of Gene Abundance

Before data analysis, the quality of the original data was controlled and noise was reduced by
data filtering. In order to obtain high-quality clean reads for subsequent information analysis, the
clean reads were filtered more rigorously to remove reads containing adapters or more than 10% of
unknown nucleotides (N), as well as all reads with more than 50% low-quality sequence (q-value ≤ 20).
The transcriptome assembly program Trinity was used for de novo transcriptome reconstruction.
The sequencing error rate was used to evaluate the quality of sequenced reads, the saturation of the
library, and the randomness of sequencing. Cuffmerge was used to combine the transcripts from
different replicates of one group into a comprehensive set of transcripts for subsequent differential
analysis and to filter the unique annotation files for manually introduced assembly errors. Annotation
of unigenes was obtained using Blast and compared with data obtained using GO, KEGG, KOG, NR,
COG, and Swissprot databases. Gene expression levels were then calculated using both the “raw
counts” mode and “FPKM” [84].

4.4.4. Differentially Expressed Genes and their Dynamic Expression Profile

The edge R package (http://www.rproject.org/) was used to determine the DEGs between different
treatment groups [62]. Firstly, we used the general filtering standard (FDR (False Discovery Rate)
< 0.05 and |log2FC|>1) to identify significant DEGs. All DEGs were analyzed using the short time-series
expression miner [85]. GO annotation was analyzed using Blast2GO software [86]. Blast software
was used against the KEGG database to determine the KEGG pathway annotation [75]. GO/KEGG
functional enrichment analysis was carried out for the genes in each trend, and the p-value was
calculated by the hypothesis test. After the p-value was corrected by FDR, the GO term and path
satisfying this condition were assigned a q-value ≤ 0.05 threshold.

4.5. Validation of RNA-Seq Results Using qRT-PCR

A Prime Script™ II 1st Strand cDNA Synthesis Kit and TB Green™ Premix Ex Taq™ II (Takara,
Kusatsu, Shiga, Japan) were used to reverse transcribe cDNAs. The qRT-PCR conditions were as
follows: 95 ◦C for 30 s; 40 cycles at 95 ◦C for 5 s; 60 ◦C for 30 s; and, finally, 72 ◦C for 20 s. The sequences
of the primers, which were synthesized by a commercial company (Sangon Biotech Co., Ltd., Shanghai,
China), are shown in Table 2. The data were analyzed and 7500 Software v.2.0.1 (Applied Biosystems,
Foster City, CA, USA) was then used to determine the cycle threshold (Ct). The GAPDH gene
(house-keeping gene) was selected as an internal control to normalize the expression data. The 2−ΔΔCt

method was used to calculate the relative expression of genes, and the mean and standard deviation of
three biologic replicates are shown as the results [87].

Table 2. Primer sequences for the quantification of genes by quantitative reverse transcription-
polymerase chain reaction (qRT-PCR). CASP 3, caspase 3; CXCL2, C–X–C motif chemokine ligand 2;
CDC25B, cell division cycle 25B; EGR1, early growth response 1 (EGR1), H2BFS, H2B histone family
members; SHPK, sedoheptulokinase; TFEC, transcription factor EC.

Genes Product Length (bp) Forward Primer Sequence (5′–3′) Reverse Primer Sequence (5′–3′)
GAPDH 235 GGAGTCCACTGGCGTCTT GAGTCCTTCCACGATACCAAA
CASP3 109 TCCTGAGATGGGTTTATGT TGTTTCCCTGAGGTTTGC
CXCL2 150 CCAAACCGAAGTCATAGC GAACAGCCACCAATAAGC

CDC25B 296 GTAGACGGAAAGCACCAAGA TCCCTGATGAAACGGCAC
EGR1 229 CACGAACGCCCTTACGCT CATCGCTCCTGGCAAACT
H2BFS 119 TGCTCGTCTCAGGCTCGTAG CTTCCTGCCGTCCTTCTTCT
SHPK 58 AGTAGATGCGGCAATGGT TTGGTAGGGATGGCTGTG
TEFC 94 GCACTGGAGGGATAAATG TAAAGACACCCGAAGGAT
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4.6. Western Blotting Assays

Western blotting was used to verify differentially expressed proteins. Caco-2 cells were cultured in
transwell chambers, with or without OTA (0.0005, 0.005, and 4 μg/mL), for 48 h. First, the cell samples
were lysed with Western and IP Cell Lysis Buffer, and then equal amounts of protein were subjected
to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The samples were next
transferred to polyvinylidene fluoride membranes by dry rotation and the membranes were blocked
with 5% skim milk powder dissolved in Tris-buffered saline for 2 h at room temperature. The samples
were then incubated for 2 h with specific primary antibodies (1:1000 in TBS), washed three times with
TBST (TBS containing 0.1% Tween 20), and incubated for 2 h with secondary antibodies. The bands
were imaged using a Tanon-5200 Chemiluminescent Imaging System (Tanon Science & Technology Co.,
Ltd.) and band densities were analyzed using Image J 2 × software (Version 2.1.0, National Institutes
of Health, Bethesda, MD, USA, 2006). Intensity values were normalized to human β-actin.

4.7. Statistical Analysis

Analysis of data was performed using SPSS® Statistics version 19. Analysis of variance (ANOVA)
followed by Tukey’s multiple comparison was used to test statistical differences between the OTA
treatment groups and the control group. An asterisk (*) indicates a p-value < 0.05, which was regarded
as statistically significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/1/23/s1,
Figure S1: Venn diagram depicting the DEGs common to different dose of OTA exposure, Figure S2: DEGs
expression profiles in ochratoxin A (OTA) treated differentiated Caco-2 cells, Figure S3: DEGs expression profile
in the OTA treated differentiated Caco-2 cells.
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Abstract: Ochratoxin A (OTA) is a mycotoxin produced by different Aspergillus and Penicillium
species, and it is considered a common contaminant in food and animal feed worldwide. On the other
hand, human embryonic stem cells (hESCs) have been suggested as a valuable model for evaluating
drug embryotoxicity. In this study, we have evaluated potentially toxic effects of OTA in hESCs. By
using in vitro culture techniques, specific cellular markers, and molecular biology procedures, we
found that OTA produces mild cytotoxic effects in hESCs by inhibiting cell attachment, survival,
and proliferation in a dose-dependent manner. Thus, we suggest that hESCs provide a valuable
human and cellular model for toxicological studies regarding preimplantation stage of human
fetal development.

Keywords: Ochratoxin A (OTA); human Stem Cells; mycotoxins; cells; cytotoxicity; cell culture

Key Contribution: OTA has a great impact in early stages of development. In vitro cell culture of
hESCs in the presence of OTA at different concentrations reduced the viability, decreased cellular
hESC proliferation, induced apoptosis, and increased the expression of oxygen stress markers.
This work may contribute in elucidating the mechanisms underlying OTA embryotoxicity.

1. Introduction

Human pluripotent stem cells (hPSCs) represent heterogeneous populations, including induced
pluripotent stem cells (iPSCs), endogenous plastic somatic cells, and embryonic stem cells (ESCs).
Human ESCs (hESCs) are derived from the inner cell mass of the blastocyst, characterized by the
ability to self-renew indefinitely and to give rise to all cell types of embryonic lineage (pluripotency)
under the guidance of the appropriate chemical, mechanical, and environmental cues [1].

There are high expectations regarding the use of hESCs for treating injuries and degenerative
diseases, for modelling complex illnesses and developments, for screening and testing of
pharmacological products, and for examining toxicity, mutagenicity, teratogenicity, and potential
carcinogenic effects of a variety of environmental factors, including mycotoxins [2,3].
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Ochratoxin A (OTA) is the most abundant and toxic member of the ochratoxins, a group of
secondary metabolites produced by fungi belonging to the genera Aspergillus and Penicillium [4–7].

OTA can contaminate a wide variety of foods because of fungal infection in crops, in fields during
growth, at harvest, or during storage and shipment. Besides cereals and cereal products, OTA is also
found in a range of other food commodities, including coffee, cocoa, wine, beer, pulses, spices, dried
fruits, grape juice, pig kidney, and other meat and meat products from non-ruminant animals exposed
to foodstuffs contaminated with this mycotoxin [8].

Research into the toxicity of this mycotoxin is mostly centered on its teratogenic [9],
nephrotoxic [10], immunotoxic [10], neurotoxic [11–13], and carcinogenic [14] effects that result from
exposure to a range of different food types, particularly of plant origin, that may be contaminated by
OTA [15,16]. The kidney has been considered as the key target organ of OTA toxicity in most of the
mammalian species [17]. Additionally, in humans OTA has been found in blood plasma [5,18], and
frequent exposure to OTA is attributed to its nephrotoxic effects, especially in children [19]. Several
studies have highlighted OTA as a possible causative agent of Balkan endemic nephropathy, an
endemic, severe, progressive, and fatal kidney disease found in the Balkan countries [14,19,20].

Furthermore, investigations in animal models showed OTA as a neurotoxic agent [21,22].
In addition, different studies in vitro have demonstrated a direct relationship between some
environmental products and prenatal development [23]. Thus, although OTA appears to exert
multiple biological actions, and is cytotoxic, few studies conducted to date have explored whether
OTA negatively affects embryonic development [24,25].

During normal embryogenesis, the process of apoptosis removes abnormal or redundant cells
from pre-implantation embryos [26]. Induction of apoptosis during early stages of embryogenesis
(i.e., following exposure to a teratogen) compromises embryonic development [27,28]. The main
methods to study teratogens are either through epidemiological studies in human populations or
by controlled exposure in animal models. Previous studies found that OTA induced apoptosis in
mammalian cells, including monkey and human kidney epithelial cells, porcine kidney PK15 cells,
and human OK cells [29–31]. Although these methods are still essential, more reliable and indicative
human-based toxicity tests are needed to represent toxicity effects in humans. Due to the ethical
issues regarding teratogenic effect assessment of OTA in human embryos, in this study we have
used hESCs as an in vitro model for teratogen screening in a human developmental setting using
physiologically relevant doses. There is clear evidence that hESCs represent faithful in vitro toxicity
models, as a wide range of chemicals were tested and showed adverse effects in these cells [32–35]
with no toxicity in animal models, such as in the case of thalidomide [36]. As hESCs are cells derived
from the blastocyst stage, toxicity assays with hESCs can provide toxicity information at a very early
stage after fertilization. Having unique proliferation and differentiation capacities toward a wide range
of cells in the human body, hESCs closely mimic human embryogenesis [37], thus they offer a unique
cellular, developmental, functional, and reproductive human in vitro model for toxicological testing.

The purpose of this study was to assess and determine toxicity of OTA using hESCs as a model
for preimplantation embryos. Our data show that (1) hESCs can be used to measure toxicity of food
contaminants such as OTA, and (2) OTA exerts its effect through possible mechanisms of apoptosis
and oxidative stress.

2. Results

2.1. Ochratoxin A Reduces the Viability and Decreases the Cellular Proliferation of Human Embryonic Stem
Cells (hESCs)

OTA treatment (1–100 ppm) reduced the viability of hESCs in a dose-dependent manner.
Evident toxic effects of OTA were observed after 8 h when approximately 60% of cells survived
at a concentration of 10 ppm. Similar effects were observed with a concentration of 50 ppm of OTA,
and this was considered the 50% effective concentration (EC50) (Figure 1A,B). In all treatments, the
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percentage of colonies that underwent shrinkage during exposure exponentially increased (data
not shown).

Figure 1. (A) Dose-dependent survival rate (MTS assay) of human embryonic stem cells (hESC) at
8 h shows decrease of cell survival to 60% at doses of 10 ppm (n = 6). (B) Representative bright field
micrographs of hESC colonies treated with vehicle (ethanol) or OTA (5 and 10 ppm). White arrows
indicate surviving cells and black arrows indicate dead cells. Micrographs show the suitable aspect
and shape of surviving cells. White asterisks indicate the area from which the photographs were
taken. (C) Number of attached cells after 6 and 24 h in two experimental groups compared to control.
Magnification times: 20×.

Since the major OTA effects on cell death were observed with concentrations of 5 and 10 ppm,
further experiments were performed using these concentrations. Thus, to determine how OTA
solutions affected proliferation of hESCs, the surviving cells after 5 and 10 ppm treatments were
detached, seeded, and used in subsequent experiments to assess cell attachment and growth during
the following 24 h (Figure 1C). Throughout this process, video data of colonies in each group were
collected using the IncuCyte System. All videos were first analyzed to determine whether colonies
grew, shrunk, or died during incubation. During the 24 h, an evident decrease of cell growth and
attachment was observed in comparison with non-treated cells (Figure 1C).

In order to investigate the role of OTA on cell death and apoptotic processes, the cells were
stained with nucleic acid IncuCyte®Cytotox Red Reagent for counting necrotic cells, which was able
to penetrate and dye compromised cell membranes associated with dead or dying cells, followed
by imaging with the IncuCyte ZOOM every 4 h over a 24 h period. A dose-dependent increase in
cell death when treated with OTA was observed across all hESCs (Figure 2A, (A1, A3 and A5) and
Figure 2B. The same results regarding cell death were observed over 24 h.
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Figure 2. Ochratoxin A (OTA) increases necrotic cells and apoptosis in hESCs at 5 and 10 ppm.
(A) Representative fluorescent micrographs of hESC colonies treated with vehicle (ethanol in A1,
A2), OTA (5 ppm in A3, A4), and (10 ppm in A5, A6) captured after 8 h with the IncuCyte ZOOM.
IncuCyte®Cytotox Red Reagent was used for counting necrotic cells (red) and caspase-mediated
apoptosis using a kinetic caspase 3/7 reagent (Essen Bioscience) (green). (B) The number of “objects”
per well was calculated using IncuCyte software and graphed, showing a significant increase in the
number of cells undergoing necrosis (red) or caspase-mediated apoptosis when treated with OTA
(green) compared to ethanol. (n = 3; *, † = p ≤ 0.05). Scale bar: 300 μm. Magnification times: 20×.

2.2. Ochratoxin A (OTA) Induces Caspase-Mediated Apoptosis in hESCs

In addition to cytotoxicity quantification, hESCs were also stained and imaged for caspase-
mediated apoptosis using a kinetic caspase 3/7 reagent (Essen BioScience, 300 West Morgan Road, Ann
Arbor, MI, USA). The number of “caspase-3 objects” per well was calculated using IncuCyte integrated
analysis software and graphed, showing a significant increase in the number of cells undergoing
caspase-mediated apoptosis when treated with OTA compared to vehicle treated cells (Figure 2A,
(A2, A4 and A6) and Figure 2B). The trend in caspase 3/7 activation in hESCs correlated with their
EC50 value.

2.3. OTA Increases the Expression of Oxygen Stress Markers in hESCs

After apoptosis and cytotoxicity assays, the cells were collected, and RT-PCR for main oxidative
markers was performed to determine the role of oxidative stress in OTA cytotoxicity. In cells treated
with OTA, analysis of reactive oxygen stress markers showed a significant but not dose-dependent
increase of the expression of glutathione synthetase (gss), superoxide dismutases 1 (sod1), superoxide
dismutases 2 (sod2) and activating transcription factor 3 (atf3) in reactive oxygen species (ROS) for
both doses: 5 and 10 ppm (Figure 3). A greater fold-change compared to vehicle control was observed
in hESCs, strongly suggesting OTA-induced cell death.
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Figure 3. OTA significantly increases the expression of oxygen stress markers in hESCs. Analysis of
reactive oxygen stress markers showed a dose-dependent increase of the expression of glutathione
synthetase (GSS), superoxide dismutases 1 (SOD1), superoxide dismutases 1 (SOD2), and activating
transcription factor 3 (ATF3) as main markers involved in oxidative stress. (n = 3; * = p ≤ 0.05).

3. Discussion

OTA exposure studies have been developed on different cell lines of human and animal models,
especially describing the mechanisms associated with increased levels of oxidative stress, DNA, and
lipid and protein damage [38]. Embryos are generally more sensitive to chemicals than adults are,
and for this reason it is essential to develop faithful human cell assays for preimplantation stages of
human development when possible [39]. OTA is a mycotoxin commonly found in food, which can
produce serious toxic effects in the organism and, specifically, in the developing brain [40,41]. In this
study, we evaluated the impact of OTA exposure in hESCs as a model for pre- and post-implantation
of human embryos. OTA showed toxic, dose-dependent effects only after 4 h of treatment. The
mechanism through which OTA induces toxicity in vitro is mainly attributed to multiple effects on
various subcellular structures, such as loss of membrane integrity, confirmed by LDH leakage assay
in other cells [42,43]. In the present study, OTA exhibited cell toxicity via cell mortality, confirmed
by MTS, and through mechanisms of apoptosis and oxidative stress. Our results are in line with
earlier studies, which have demonstrated that OTA-induced oxidative stress leads to cytotoxicity
and apoptosis in Neuro-2a cells [43], highlighting that elevated ROS is a principle event in oxidative
stress in cells treated with OTA. Our results corroborate other findings where OTA was confirmed
as a potent ROS inducer [44–46]. Results of our study suggest that OTA cytotoxicity is mediated by
oxidative stress in a dose-dependent manner. Although the oxidative species were not measured, the
significant increase of expression of main oxidative stress markers, such as GSS, SOD 1, SOD2, and
ATF3, strongly indicate that oxidative stress is one of the underlying mechanisms for OTA-induced
loss of cell viability and DNA damage. Since mitochondria events are the major generator of ROS,
mitochondria could play a crucial role in toxicity of OTA [47]. Generation of free radicals and other
oxidative species triggers lipid peroxidation and permeability of the mitochondrial membrane, which
produces apoptotic cell death [47,48]. Indeed, it was previously shown that OTA treatment leads to loss
of mitochondrial membrane potential and DNA damage in a dose-dependent manner [43]. Our study
confirms results obtained by Sava et al. [11,22], in which the authors tested neural stem/progenitor cells
(NSCs) prepared from the hippocampus of an adult mouse brain for their vulnerability to OTA in vitro.
In that study the authors observed that OTA caused a dose- and time-dependent decrease in viability of
both proliferating and differentiating NSCs. Along with decreased viability, OTA elicited pronounced
oxidative stress, evidenced by a robust increase in total and mitochondrial SOD activity. This study
concluded that greater vulnerability to the toxin exhibited proliferating number of NSCs compared to
differentiated, more mature neurons, despite robust DNA repair and antioxidant responses. Further
studies need to be performed in order to clarify whether the same mechanisms of oxidative stress

119



Toxins 2019, 11, 217

are triggered in hESC by OTA. Our results are in line with previous studies, which have reported
OTA as a trigger for the caspase-9 and caspase-3 activation with potential mitochondrial membrane
loss in different human primary cells [49–51]. To our knowledge, the present study is the first one
describing the effects of OTA in a prenatal human cellular model, demonstrating the importance of
assessing toxicity in early stages of development. In this context, it is crucial to develop new simple
and faithful in vitro assays that are able to screen the effects of environmental and food chemicals
in various stages of the developing fetus. To this purpose, many assays, such as explants of rodent
embryos [52,53] or embryonic bodies derived from mESC to model post-implantation development,
have been developed [54]. The approach used in this study represents a quick and simple human
in vitro method for assessing environmental toxicants in hESCs, a model for the inner cell mass
of preimplantation embryos already used for other environmental pollutants [55] such as tobacco
smoke [35] or thalidomide [56]. This study may contribute to elucidating the mechanisms underlying
OTA teratogenicity in the early days of human fetal development.

4. Materials and Methods

4.1. Undifferentiated hESC Line Maintenance

WA09 hESCs were obtained from the WiCell Research Institute (Madison, WI, USA) and were
maintained in feeder-free conditions using mTeSR1 media (StemCell Technologies, Vancouver, BC,
Canada) on hESC-qualified Matrigel (BD Biosciences, San Jose, CA, USA) coated plates. To maintain the
undifferentiated stem cell population, differentiated colonies were removed daily through aspiration
and medium was replaced. Additionally, the hESCs were only used in experiments up to passage
40 and were karyotyped approximately every 10 passages to minimize and monitor the potential for
genetic instability. hESCs were passaged at 90%–95% confluence (approximately every 7 days) using
Accutase. Cell cultures were maintained at 37 ◦C under 5% CO2.

4.2. In vitro Culture of hESCs

All experimental treatments were carried out in 96-well plates coated with Matrigel. To minimize
plating variability and increase reproducibility, hESCs were removed from a 6-well plate using TrypLE
(Life Technologies). The cells were washed with DMEM/F12 (Dulbecco´s Modified Eagle Medium F-12
Nutrient Mixture (Ham), GIBCO, Paisley, Scotland, UK) and re-suspended in mTeSR1 that contained
10 uM/L Y27632 Rho-associated kinase inhibitor (Merck KGaA/Calbiochem, Darmstadt, Germany).
The rho-associated kinase inhibitor was added to the plating media to increase plating efficiency
by decreasing dissociation-induced apoptosis. Five thousand hESCs were plated as a single cell
suspension and maintained in an undifferentiated state until 80% confluence was reached.

4.3. Analysis of Cellular Viability

Analysis of cellular viability in the presence of respiratory inhibitors was performed using MTS
assay (Promega, G1111, Promega Corporation, Madison, WI, USA) according to the manufacturer’s
instructions. Briefly, hESCs were seeded at a density of 5000 cells per well in Matrigel-treated 96-well
culture microplates in 100 μL of culture media, and they were incubated for 4 h at 37 ◦C. The cells
were used when 80% confluence was reached. After 24 h of compound (ethanol) treatment, 20 μL of
MTS reagent was applied to each well of a 96-well plate. Absorbance at 490 nm was recorded after 2 h
incubation. Sextuplets were prepared for each condition.

4.4. hESC Compound Exposures

hESCs were treated with OTA at different concentrations equivalent to previous and published
in vitro studies [21]. To test OTA exposure, all compound stock solutions were made with ethanol.
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4.5. Toxin Preparation

A standard of OTA was supplied by Sigma-Aldrich (Alcobendas, Spain). The OTA standard was
dissolved in ethanol (Ethanol HPLC 99.5%-gradient grade, Burker, Deventer, Netherlands) to give a
stock solution of 1000 μg/mL (ppm). OTA solutions of 100, 50, 10, 5, and 1 ppm were prepared by
dilution of suitable aliquots of the stock solution with ethanol. An aliquot of these mycotoxin solutions
was added to the wells containing the cell cultures to obtain the final concentration of the toxin. Blank
controls having no mycotoxin, but the same volume of solvent, were performed in parallel.

4.6. RNA Extraction and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR and qRT-PCR)

Cells were collected by centrifugation, and total RNA was isolated with the RNeasy Mini Kit
(Qiagen, Hilden, Germany) following the manufacturer´s instructions. They were treated with DNase1
to remove any genomic DNA contamination. QuantiTect Reverse Transcription Kit (Qiagen) was used
to carry out cDNA synthesis from 1 μg of total RNA according to the manufacturer’s instructions.
For quantitative real-time PCR (qRT-PCR), the relative quantification analysis was performed using
a CFX96 RealTime PCR Detection system and C1000 Thermal Cycler (Bio-Rad, Hercules, CA, USA).
The PCR cycling program consisted of denaturing at 95 ◦C for 10 min followed by 40 cycles of
95 ◦C for 15 s and annealing/elongation at 60 ◦C for 1 min. The reactions were done in triplicate
using TaqMan Gene Expression Master Mix and the following TaqMan probes (Applied Biosystems,
Foster City, CA, USA): SOD1 (Hs00533490_mL), SOD2 (Hs00167309_mL), GSS (Hs00609286_mL),
and ATF3 (Hs00231069_mL). PCR was done in triplicate, and the expression of polymerase 2A
(POL2A; Hs00172187_mL) was used as three endogenous controls to normalize the variations in
cDNA quantities from different samples. The results were analyzed using Bio-Rad CFX software (CFX
Maestro Software for Bio-Rad CFX Real-Time PCR Systems) and Microsoft Excel (software version
16.16.8 (190312), 2018, Microsoft, Redmond, WA, USA).

4.7. Cytotoxicity and Apoptosis Assays

IncuCyte ZOOM Live-Cell Imaging system (Essen Bioscience, Ann Arbor, MI, USA) was used
for kinetic monitoring of cytotoxicity and apoptotic activity of OTA in hESCs. These two assays were
performed at the same time. Five thousand hESC cells were seeded at day 3 in mTESR medium in each
of the 96-well plates, in such manner that by day 1 the cell confluence was approximately 30%. Cells
were treated with increasing two concentrations (5 and 10 ppm) of OTA in the presence of 5 μM of
Caspase 3/7 Apoptosis Assay Reagent (Essen Bioscience). The Caspase 3/7 reagent labeled apoptotic
cells yielding green fluorescence. At the same time, IncuCyte®Cytotox Red Reagent for counting dead
cells was applied. This reagent labeled dead cells yielding red fluorescence. The plate was scanned,
and fluorescent and phase-contrast images were acquired in real time every 4 h from 0 to 48 hours
post treatment. Normalized green object count per well at each time point and quantified time-lapse
curves were generated by IncuCyte ZOOM software (IncuCyte®ZOOM Live-Cell Analysis Systems,
2018. Essen BioScience, 300 West Morgan Road, Ann Arbor, MI, USA). Ratios of caspase 3/7 level in
OTA-treated cells compared to vehicle were plotted in Microsoft Excel. The cells were monitored for
confluence. At a confluence of 50% we performed the experiment, monitoring cell growth using the
IncuCyte System to capture phase contrast images every 2 h, and analyzed results using the integrated
confluence algorithm. Caspase 3/7 diluted reagent at 1:1000 (5 μM final concentration) and Cytotox
Red Reagent (final volume of 50 μL/well) or vehicle (ethanol) were added to the wells. Then, the
medium was aspirated. The images were captured every 2–3 h (10× or 20×) in the IncuCyte® System.

4.8. Statistical Analysis

Statistical analyses of qRT-PCR data from at least three biological replicates were calculated
using Student’s t-test using GraphPad Prism 5.02 (GraphPad Software 2365 Northside 560 San Diego,
CA, USA).
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Abstract: Fusarium-derived mycotoxin deoxynivalenol (DON) usually induces diarrhea, vomiting
and gastrointestinal inflammation. We studied the cytotoxic effect of DON on porcine small intestinal
epithelium using the intestinal porcine epithelial cell line IPEC-J2. We screened out differentially
expressed genes (DEGs) using RNA-seq and identified 320 upregulated genes and 160 downregulated
genes. The enrichment pathways of these DEGs focused on immune-related pathways. DON induced
proinflammatory gene expression, including cytokines, chemokines and other inflammation-related
genes. DON increased IL1A, IL6 and TNF-α release and DON activated the phosphorylation of
extracellular signal-regulated kinase-1 and-2 (ERK1/2), JUN N-terminal kinase (JNK) and p38 MAPK.
A p38 inhibitor attenuated DON-induced IL6, TNF-α, CXCL2, CXCL8, IL12A, IL1A, CCL20, CCL4
and IL15 production, while an ERK1/2 inhibitor had only a small inhibitory effect on IL15 and IL6.
An inhibitor of p38 MAPK decreased the release of IL1A, IL6 and TNF-α and an inhibitor of ERK1/2
partly attenuated protein levels of IL6. These data demonstrate that DON induces proinflammatory
factor production in IPEC-J2 cells by activating p38 and ERK1/2.

Keywords: deoxynivalenol; IPEC-J2 cells; RNA-seq; inflammation; MAPKs

Key Contribution: DON induces proinflammatory gene expression, including cytokines, chemokines
and other inflammation-related genes. DON enhances inflammation in IPEC-J2 via p38 and ERK1/2.

1. Introduction

Deoxynivalenol (DON; vomitoxin) is a type B trichothecene mycotoxin produced by strains of
Fusarium graminearum and F. culmorum [1]. DON mainly contaminates cereal, especially barley, oats,
wheat, corn and their subsequent products. In addition, DON accumulation is a potential sign for the
occurrence of other mycotoxins [2]. Due to its adverse effects on animals, DON is known as one of the
most significant mycotoxins in animal production.

Consumption of DON-contaminated foods and feeds has been associated with a spectrum of
adverse effects and the immunotoxic effects of DON are of increasing concern for farm animals, as well
as for humans [2,3]. According to the dose, timing of exposure, time and functional immune assay
being used, DON may exert immunosuppressive or immunostimulatory effects [4]. Our preliminary
experiments indicate that exposure to DON induces the overexpression of cytokines and chemokines,
leading to immune stress, which caused immune function damage [5,6].

The intestinal epithelium forms an important physical barrier against external matter and it is highly
sensitive to mycotoxins and important for maintaining health [7]. Consuming DON-contaminated
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food is related to gastroenteritis flare-ups and DON exposure leads to intestinal lesions in vivo (animals
studies), ex vivo (intestinal explants) and in vitro (cell line) [8–10]. Numerous studies have concluded
that DON upregulates the expression of cytokines, chemokines and inflammatory genes [11–13].
However, the mechanism underlying DON-induced inflammation in intestinal epithelial cells (IECs)
remains unclear.

MAPKs, including p38 MAPK, extracellular signal-regulated kinase-1 and-2 (ERK1/2) and
JUN N-terminal kinase (JNK), modulate many cellular processes associated with cell proliferation,
differentiation, survival and death [14]. MAPK signaling has basic functions in immunoregulation and
immunopathology, including inflammatory responses and enteritis. Recent research has suggested
that DON and other trichothecenes induce the activation of MAPKs in IPEC-J2 cells [15–17], which
contributes to autophagy, oxidative stress, epithelial tight junction disruption and intestinal barrier
dysfunction. However, few correlative studies have investigated the interaction of MAPK signaling
with DON-induced inflammation in the intestinal epithelium.

Therefore, the aims of the present study were to use the IPEC-J2 cell line, an in vitro model
of porcine small IECs, to investigate the capacity of DON to induce inflammation and relate the
immunomodulatory effects of DON to MAPK activation.

2. Results

2.1. DON Decreases the Viability and Induces Inflammation in IPEC-J2 Cells

IPEC-J2 cells were treated for different time periods (2, 6, 12 and 24 h) and with different
concentrations of DON (0.25, 0.5, 1, 2 and 4 μg/mL). As presented in Figure 1a, DON (≥0.5 μg/mL)
significantly reduced IPEC-J2 cell viability in a time- and concentration-dependent manner.

DON at concentrations of 1.0 and 2.0 μg/mL markedly enhanced the gene expression levels of IL6,
IL1A and TNF-α at 2 h compared to the control group (Figure 1b,d,f). After treatment with DON at
concentrations of 1.0 and 2.0 μg/mL, the expression of IL1A and IL6 was significantly increased at 6 h
(Figure 1b,f) and the expression of IL6 was significantly increased at 12 h (Figure 1b). Moreover, IL6,
IL1A and TNF-α protein release into the incubation medium was elevated after treatment with DON
at concentrations of 1.0 and 2.0 μg/mL (Figure 1c,e,g). To investigate the immunomodulatory effects of
DON, IPEC-J2 cells were exposed to 2 μg/mL DON for 2 h in subsequent experiments.

Figure 1. Cont.
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Figure 1. Deoxynivalenol (DON) decreases the viability and induces inflammation in IPEC-J2 cells (a)
Cell viability in IPEC-J2 cells with or without DON. Two-way ANOVA using Holm-Sidak method was
used to assess significant differences in cell viability compared with of the control. Symbols: * indicates
difference in cell viability relative to the control at specific time point (p < 0.05) and ε indicates difference
in cell viability relative to the 2h exposure time at specific dose (p < 0.05). Effects of DON on IL6 (b),
TNF-α (d) and IL1A (f) gene expression. and IL6 (c), TNF-α (e) and IL1A (g) cytokine release in IPEC-J2
cells. Samples were collected after 2, 6, 12 and 24 h (mRNA) or 12 h (protein release). One-way ANOVA
with a Holm-Sidak test was used to assess significant differences in the mRNA and protein release
of IL6, TNF-α and IL1A compared with of the control. The data are expressed as the mean ± SEM.
* p < 0.05, ** p < 0.01 and *** p < 0.001 versus control.

2.2. Identification and Functional Enrichment Analysis of Differentially Expressed Genes (DEGs)

Based on the RNA-seq data, we obtained 480 differentially expressed genes (DEGs) with 320
upregulated genes and 160 downregulated genes (Supplementary Materials: Table S1). In Figure 2,
the heatmap and volcano plot show that these genes were clearly separated (Figure 2a,b). According to
the Gene Ontology (GO) terms (Figure 2c), 71 genes were enriched in the immune system process. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed that the upregulated DEGs were
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mainly enriched in the following immune-related pathways: TNF signaling pathway, cytokine-cytokine
receptor interaction, MAPK signaling pathway, NF-kappa B signaling pathway, Jak-STAT signaling
pathway, Toll-like receptor signaling pathway and NOD-like receptor signaling pathway (Figure 2d).
Table 1 shows several enriched pathway terms and 15 DEGs were enriched in the MAPK signaling pathway.
These results suggest that DON-induced inflammation may associate with the MAPK signaling pathway.

Figure 2. (a) Cluster heatmap. A change in color from blue to red indicates that the expression level of
the gene was relatively high. (b) Volcano plot of the DEGs. Blue indicates downregulated genes and
red indicates upregulated genes. (c) Gene ontology (GO) analysis classified the DEGs into 3 groups:
molecular function, biological process and cellular component. (d) Bubbles of Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways of the DEGs. The coloring indicates higher enrichment
in red and lower enrichment in green. The point size indicates the number of DEGs enriched in a
certain pathway. Lower q-values indicate more significant enrichment. (e) Validation of DEG data
by real-time quantitative PCR (RT-qPCR). The x-axis represents the mRNAs and the y-axis is the fold
change between the RT-qPCR and sequencing values.
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Table 1. Pathway enrichment analysis of the differentially expressed genes (DEGs).

Pathways Number Gene upregulation
Gene

downregulation
Q-value

TNF signaling
pathway 21

TNFAIP3, MAP3K8, CCL20, CSF2, LIF,
EDN1, CXCL2, IL15, NFKBIA, FOS,

MAP3K14, CSF1, TNF, IL6, VCAM1, JUN,
MAP3K5, PTGS2, SOCS3, BIRC3, JUNB

- 2.03 × 10−14

HTLV-I infection 17
FZD5, EGR1, CSF2, ATF3, MYC, IL15

NFKBIA, FOS, MAP3K14, TNF, IL6, VCAM1,
FOSL1, JUN, EGR2, ETS1, ETS2

- 3.47 × 10−05

MAPK signaling
pathway 15

RASA1, GADD45G, DUSP1, MAP3K8,
DUSP5, IL1A, GADD45B, MYC, FOS,

MAP3K14, TNF, JUN, DUSP10, MAP3K5,
DUSP6

- 0.000375

Cytokine-cytokine
receptor interaction 13 CCL4, IL6, IL1A, CCL20, CSF2, KDR, TSLP,

IL12A, LIF, IL15, CSF1, TNF, CXCL8 - 0.000191

NF-kappa B
signaling pathway 10 VCAM1, TNF, PTGS2, CXCL8, NFKBIA,

BIRC3, PLAU, CCL4, TNFAIP3, MAPK3K14 - 6.84 × 10−05

Jak-STAT signaling
pathway 10 CSF2, TSLP, IL12A, LIF, MYC, MCL1, IL15,

PIM1, IL6, SOCS3 - 0.001979

Rheumatoid
arthritis 10 IL1A, CCL20, CSF2, IL15, FOS, CSF1, TNF,

IL6, CXCL8, JUN - 5.21 × 10−05

Toll-like receptor
signaling pathway 9 CCL4, IL12A, NFKBIA, FOS, TNF, IL6,

CXCL8, JUN, SPP1 - 0.000926

2.3. Integration of Protein-Protein Interaction (PPI) Network Analysis

To further investigate regulatory pathways of DON, a protein-protein interaction (PPI) network
was formulated based on the data in the Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) database with a total of 371 nodes and 729 relationship pairs (Figure 3a). The top 10 hub
genes were TNF, IL6, JUN, MYC, CXCL8, FOS, EGR1, CSF2, EDN1 and ATF3 and they were key
node proteins in the PPI network. To better analyze the interaction of the proteins, we detected two
modules using the Cytoscape plugin Molecular Complex Detection (MCODE) with a score >5 and the
top module is shown in Figure 3b. Pathway enrichment analysis of the top module showed that it
was mainly related to the MAPK signaling pathway, cytokine-cytokine receptor interaction and TNF
signaling pathway.

Figure 3. Protein-protein interaction (PPI) network of the DEGs (a) and the most significant modules
(b). Purple nodes represent upregulated genes and yellow nodes represent downregulated genes.
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2.4. Validation of the Expression Profile Analysis by RT-qPCR

Ten genes were selected from the significant DEGs for RT-qPCR analysis to validate their expression
levels. The transcriptional levels according to the sequencing and RT-qPCR data were consistent
(Figure 2e), thus confirming that the sequencing information was reliable.

2.5. DON Promotes the Expression of Inflammatory Factors and Induces Inflammation in IPEC-J2 Cells
Through p38 and ERK1/2

We hypothesized that there may be a link between the activation of the MAPK pathway and
DON-induced inflammation. We measured the phosphorylated protein levels of p38, ERK1/2 and JNK.
DON effectively increased the phosphorylation of p38, ERK1/2 and JNK (Figure 4).

Figure 4. DON induces MAPK activation in IPEC-J2 cells. The levels of p-ERK, p-p38 and p-JNK were
detected by western blotting. Data analyzed as described in Figure 1b legend. The quantitative data
are presented as the mean ± SEM. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus control.

To gain insight into the mechanism of MAPKs in DON-induced inflammatory factor upregulation,
IPEC-J2 cells were pretreated with inhibitors, including U0126 (ERK 1/2 inhibitor, 10 mM), SP600125
(JNK inhibitor, 20 mM) and SB203580 (p38 inhibitor, 10 mM), before DON treatment. As shown in
Figure 5, the inhibition of p38 significantly attenuated DON-induced IL6, TNF-α, CXCL2, CXCL8, IL12A,
IL1A, CCL20, CCL4 and IL15 production, whereas the inhibition of JNK had no effect. In addition,
the inhibition of ERK 1/2 attenuated DON-induced IL15 and IL6 production. In contrast, CCL4,
CCL20 and CXCL2 production increased after treatment with the ERK 1/2 and JNK inhibitors. DON
treatment did not significantly affect CCL2 production. In addition, the inhibition of p38 significantly
attenuated IL6, IL1A and TNF-α protein release and the inhibition of ERK 1/2 partly attenuated
DON-induced IL6 protein release (Figure 6). These results suggest that both p38 and ERK 1/2 contribute
to DON-induced inflammation.
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Figure 5. DON promotes the expression of inflammatory factors through p38 and ERK1/2. Data
analyzed as described in Figure 1b legend. The data are expressed as the mean ± SEM. * p < 0.05,
** p < 0.01 and *** p < 0.001 versus control. # p < 0.05, ## p < 0.01 and ### p < 0.001 versus control-DON.

Figure 6. DON induces inflammation in IPEC-J2 cells through p38 and ERK1/2. Data analyzed as
described in Figure 1b legend. The data are expressed as the mean ± SEM. * p < 0.05, ** p < 0.01 and
*** p < 0.001 versus control. # p < 0.05, ## p < 0.01 and ### p < 0.001 versus control-DON.

3. Discussion

The mycotoxin DON is a frequent contaminant of cereals and co-products. The intestine, which
serves as the first barrier against food contaminants, shows high sensitivity to DON and related
mycotoxins [7,13,18]. After pigs are exposed to DON, most absorption occurs in jejunal epithelial
cells. DON mainly causes oxidative stress, disrupts epithelial tight junctions and induces intestinal
barrier dysfunction [15,17]. However, the mechanism underlying DON-induced inflammation in IECs
is not completely clear. To gain insight into the genes and pathways related to DON in IPEC-J2 cells,
we conducted RNA-seq analysis to identify the top inflammatory factors and molecular pathways
following DON treatment.

DON robustly upregulates proinflammatory gene expression [4]. DON increased the expression
of genes and proteins associated with inflammation, such as TNF-α and IL6 in IPEC-J2 cells, which was
consistent with a previous study [19]. TNF-α and interleukins are classic proinflammatory factors that
are quickly secreted and cause inflammation when the body is exposed to exogenous stimulation [20].
Overabundant production of TNF-α causes excess secretion of other inflammatory factors, such as
IL1β, IL2 and IL8, thereby inducing intestinal mucosal injury [20–22]. Accordingly, inflammatory
factors play roles in intestinal immunity. Our data showed that DON significantly upregulated the
levels of proinflammatory factors in a concentration-dependent manner in IPEC-J2 cells, indicating
that DON enhances the production of inflammatory mediators.
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Apart from proinflammatory cytokine upregulation, DON upregulates the transcription levels of
several chemokines, including CXCL2, CCL2 and CCL20 [6,23,24]. In our study, DON upregulated
the chemokines CXCL2, CXCL8, CCL4 and CCL20. The chemokine CXCL2 is a cytokine secreted by
IPEC-J2 cells and a chemotactic for polymorphonuclear leukocytes [25]. CXCL8 is a proinflammatory
chemokine that acts as a strong chemoattractant but can create tissue injury with long-term exposure [26].
CCL4 serves as a chemoattractant for monocytes, natural killer cells and a variety of other immune
cells [27] and CCL20 is strongly chemotactic for lymphocytes [28]. DON induces the release of CXCL8
in several intestinal epithelial cell lines [29,30]. These previous results are in agreement with our study.
Thereby, the inflammation effects of DON may, in part, be influenced by the leukocyte chemotaxis
induced by chemokine dysfunction.

The KEGG pathway enrichment analysis showed that the significant DEGs were enriched in
immunological pathways and that the MAPK signaling pathway was one of the main signaling
pathway enriched in 15 DEGs. Pathway enrichment analysis of the top module showed that it was
mainly associated with MAPKs. MAPKs are a type of protein kinase that is pivotal for the development
of inflammation [31]. MAPK pathways are activated by kinases, cytoskeletal proteins, transcription
factors and other enzymes [32]. The first step to their activation consists of relieving their autoinhibition
by a smaller ligand (such as Ras for c-Ra and GADD45 for MEKK4) [33]. DUSPs negatively regulate
some MAPKs. DUSP5 and DUSP6 inactivate ERK1/2 and DUSP1 interacts with p38-α, ERK2 and
JNK1 [34,35]. MAP3K8, MAP3K5 and MAP3K14 are important MAP3 kinases. The transcription
factors JUN, MYC and FOS regulate the expression of inflammation- and immune-related genes [4].
In our study, the upregulation of GADD45B, GADD45G, RASA1, MAP3K8, MAP3K14, MAP3K5, IL1A,
MYC, FOS, TNF and JUN, which are related to the MAPK pathway, contributed to MAPK activation
and the expression of inflammatory factors. According to the RNA-seq analysis, DON may induce
inflammation via the MAPK pathway.

MAPK contributes to DON-induced transactivation and the mRNA stabilization of inflammatory
factors [36,37]. To determine whether DON induces porcine intestinal epithelium cell inflammation
via the MAPK pathway, MAPK inhibition assays were performed. It has been reported that the
MAPK pathway is one of the main pathways for DON to induce inflammation [11,22]. The results
in the present study showed that DON induced activation of MAPKs. The p38 inhibitor attenuated
DON-induced gene expression levels of IL6, TNF-α, CXCL2, CXCL8, IL12A, IL1A, CCL20, CCL4 and
IL15 as well as protein expression levels of IL1A, IL6 and TNF-α. The ERK1/2 inhibitor had only a
small inhibitory effect on IL1A and IL6 gene expression levels as well as IL6 protein levels, while the
JNK inhibitor had no effect. We demonstrated that DON induced the expression of proinflammatory
cytokines and chemokines via the p38 MAPK and ERK1/2 signaling pathways. CXCL8 secretion were
upregulated in various human intestinal epithelial cell lines exposed to DON [29,30,38]. In response to
DON, dose-dependent increases in IL-8 secretion were observed in Caco-2 cells and this was linked to
the ribotoxic-associated activation of PKR, NF-kB and p38 [29,38]. DON elevates CXCL8 generation
via ERK1/2 but not p38 in human embryonic epithelial intestine 407 (Int407) cells [30]. This discrepancy
may be due to the maturation status of the cells: differentiated mature Caco-2 cells and IPEC-J2 vs.
undifferentiated Int407 cells.

In conclusion, the results of the present study indicate that DON induces inflammation in IPEC-J2
cells. This discovery provides a theoretical basis for further exploring the molecular mechanisms of
IEC inflammation induced by DON.

4. Materials and Methods

4.1. Reagents

DON was obtained from Sigma-Aldrich (St. Louis, MO, USA). Cell culture medium and
supplements were purchased from Life Technologies (Grand Island, NY, USA). Anti-phospho-p38
(4511), anti-p38 (8690), anti-phospho-JNK (4668), anti-JNK (9252), anti-phospho-ERK (4370), anti-ERK
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(4695) and anti-β-actin (4970) antibodies were purchased from Cell Signaling Technology (Beverly,
MA, USA). SB203580 was obtained from Promega (Madison, WI, USA). U0126 and SP600125 were
acquired from Cayman Chemicals (Ann Arbor, MI, USA).

4.2. Cell Culture and Treatment

The IPEC-J2 cell line was a gift from Professor Qian Yang, Nanjing Agricultural University,
Nanjing, China. Cells were grown in DMEM/F12 medium supplemented with antibiotics and 10%
fetal bovine serum. Cells were maintained in the exponential growth phase by passages at intervals of
2–3 days. Compounds were prepared as stock solutions and diluted with the cell culture medium
before use. The working concentrations were as follows: DON (0.25, 0.5, 1, 2 and 4 μg/mL), U0126
(10 μM), SP600125 (20 μM) and SB203580 (10 μM). The final concentration of dimethyl sulfoxide
(DMSO) was less than 0.1%, which exerted no effect on cell viability. Cells were treated with or without
DON and the indicated test compounds for various times according to the experimental protocol.

4.3. Cell Viability Assay

Cell viability was measured using the MTT (Sigma, M5655) method according to the manufacturer’s
instructions after DON treatments for 2, 6, 12 and 24 h. The optical density of the control group was
considered to be 100% viable.

4.4. Quantitative Real-Time PCR (qRT-PCR) Assay

Total RNA was isolated using TRIzol reagent (Takara, Dalian, China). cDNA was obtained by
reverse transcription using a cDNA transcription kit (Takara, Dalian, China). Real-time PCR was
performed in 96-well optical plates on an ABI StepOne Plus Real-time PCR system using SYBR Premix
Ex Taq™ (Takara, Dalian, China). The primers used for RT-PCR are shown in Table 2. Analysis of the
relative gene expression level was achieved using the 2-ΔΔCT method and gene expression levels were
normalized to GAPDH.

Table 2. Primer sequences of RT-PCR target genes.

Gene
Primer sequence (5′-3′)

Sense Antisense

GAPDH CGTCAAGCTCATTTCCTGGT TGGGATGGAAACTGGAAGTC
IL6 AGCAAGGAGGTACTGGCAGA CAGGGTCTGGATCAGTGCTT

TNF-α AACCTCCTCTCTGCCATCAA TAGACCTGCCCAGATTCAGC
CXCL2 CACAGACCCTCCGAGCTAAG TGACTTCCGTTTGGTCACAG
CXCL8 GCCTCATTCCTGTGCTGGTCAG AACAACGTGCATGGGACACTGG
IL12A AAGCCCTCCCTGGAAGAACTGG TCACCGCACGAATTCTGAAGGC
IL1A CGAACCCGTGTTGCTGAAGGAG TGGATGGGCGGCTGATTTGAAG

CCL20 GATGTCGGTGCTGCTGCTCTAC ATTGGCGAGCTGCTGTGTGAAG
CCL2 CACCAGCAGCAAGTGTCCTA GGGCAAGTTAGAAGGAAATGAA
CCL4 TGGTCCTGGTCGCTGCCTTC TTCCGCACGGTGTATGTGAAGC
IL15 TGCATCCAGTGCTACTTGTGTT GACCTGCACTGATACAGCCC

4.5. Cytokine Detection by ELISA

IPEC-J2 cell supernatants were collected after treatment with 2.0 mg/mL DON for 12 h. Porcine IL6,
IL1A and TNF-α ELISAs (MEIMIAN, Jiangsu, China) were performed according to the manufacturer’s
instructions. Samples were analyzed in duplicate.

4.6. RNA-seq Analysis

After 2 h of exposure to DON, IPEC-J2 cells were collected. Total RNA was extracted using the
miRNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. cDNA
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library construction and sequencing with an Illumina HiSeq 2000 sequencer were performed at
Shanghai Biotechnology Corporation (Shanghai, China). The resulting RNA-seq reads were mapped
onto the reference genome of Sscrofa11.1. The generated RNA-seq data were deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) repository with accession
number PRJNA578240. The expression of transcripts was quantified as fragments per kilobase of exon
model per million mapped reads (FPKM). Genes with differential expression levels were identified
using edgeR [39]. Differential expression P-values were false discovery rate (FDR)-adjusted using
the q-value Bioconductor package. Genes with a q-value ≤0.05 and |fold change| ≥2 were defined as
differentially expressed. We analyzed the enrichment of the DEGs using GO functional enrichment
analysis and KEGG pathway analysis. ClusterProfiler is a R package applied to perform GO function
and KEGG pathway enrichment analyses on DEGs. The terms were considered to be significantly
enriched if q-value ≤ 0.05.

4.7. PPI Network Analysis

The STRING online tool (https://string-db.org/cgi/input.pl) was used to construct a PPI network
of the DEGs with a confidence score >0.4 defined as significant [40]. We then imported the interaction
data into Cytoscape (version 3.6.0, http://chianti.ucsd.edu/cytoscape-3.6.0/) to map the PPI network [41].
The MCODE plugin for Cytoscape was used to analyze the interaction relationships of the DEGs with
their encoded proteins and to screen the hub genes.

4.8. Western Blot Analyses

After 2 h of exposure to DON, IPEC-J2 cells were collected and lysed in cell lysis buffer (Beyotime,
Haimen, China). Protein concentrations were determined using a BCA protein assay kit (Beyotime, China).
Proteins were separated by electrophoresis and transferred to PVDF membranes. Anti-phospho-p38
(1:1000), anti-p38 (1:1000), anti-phospho-JNK (1:1000), anti-JNK (1:1000), anti-phospho-ERK (1:2000),
anti-ERK (1:1000) and anti-β-actin antibodies were used as primary antibodies. Proteins bound by
the primary antibodies were visualized with an appropriate secondary antibody (1:5000) and then
detected by an ECL Chemiluminescence kit (Vazyme, E411-05). Protein bands were quantified using
NIH ImageJ software (available in the public domain) and detected using a Bio-Rad imaging system
(Bio-Rad, Hercules, CA, USA).

4.9. Statistical Analysis

All data were statistically analyzed using SigmaPlot 11 for Windows (Jandel Scientific; San Rafael,
CA, USA). Data of cell viability were analyzed by a two-way ANOVA using the Holm–Sidak method.
Other test were assessed by one-way ANOVA with Holm-Sidak tests. Data were considered to be
statistically significant difference if p < 0.05.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/3/180/s1,
Table S1: All the identified DEGs.
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Abstract: T-2 toxin is type A trichothecenes mycotoxin, which produced by fusarium species in
cereal grains. T-2 toxin has been shown to induce a series of toxic effects on the health of human and
animal, such as immunosuppression and carcinogenesis. Previous study has proven that T-2 toxin
caused hepatotoxicity in chicken, but the regulatory mechanism is unclear. In the present study, we
assessed the toxicological effect of T-2 toxin on apoptosis and autophagy in hepatocytes. The total of
120 1-day-old healthy broilers were allocated randomly into four groups and reared for 21 day with
complete feed containing 0 mg/kg, 0.5 mg/kg, 1 mg/kg or 2 mg/kg T-2 toxin, respectively. The results
showed that the apoptosis rate and pathological changes degree hepatocytes were aggravated with
the increase of T-2 toxin. At the molecular mechanism level, T-2 toxin induced mitochondria-mediated
apoptosis by producing reactive oxygen species, promoting cytochrome c translocation between
the mitochondria and cytoplasm, and thus promoting apoptosomes formation. Meanwhile, the
expression of the autophagy-related protein, ATG5, ATG7 and Beclin-1, and the LC3-II/LC3-I ratio
were increased, while p62 was downregulated, suggesting T-2 toxin caused autophagy in hepatocytes.
Further experiments demonstrated that the PI3K/AKT/mTOR signal may be participated in autophagy
induced by T-2 toxin in chicken hepatocytes. These data suggest a possible underlying molecular
mechanism for T-2 toxin that induces apoptosis and autophagy in chicken hepatocytes

Keywords: T-2 toxin; hepatocyte; apoptosis; autophagy; chicken

Key Contribution: T-2 toxin-induced hepatotoxicity was characterized by the induction of
mitochondrial-mediated apoptosis and PI3K/AKT/mTOR-mediated autophagy in chicken.

1. Introduction

Mycotoxins are the main secondary metabolites of molds and lead to widespread contamination
on crop plants and fruits. Among the most important mycotoxins, T-2 toxin is a mycotoxin that
can cause multiple effects in organisms [1]. T-2 toxin is a type A trichothecene produced by several
Fusarium species [2], which shows the most potent cytotoxicity [3]. Furthermore, T-2 toxin leads to
the effects of cytotoxin radiomimetic, which is due to impaired protein synthesis. T-2 toxin hampers
synthesis of DNA and RNA in eukaryotic cells, which ultimately triggers cell apoptosis in vitro and
in vivo [4]. Many studies have shown that T-2 toxin induces apoptotic cell death in hematopoietic
tissue [5], spleen, liver [6], skin and intestinal crypt in mice [7]. In chickens, apoptosis induced by T-2
toxin was detected in the thymus, bursa of Fabricius and primary hepatocytes [8,9]. Previous studies
have demonstrated a crosstalk between autophagy and apoptosis, as apoptosis increases when the
autophagic pathway is completely inhibited [10].
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T-2 toxin contamination is usually found on cereals, such as maize, wheat and oats, which are
the main food and feed resources for human and livestock [11]. The presence of T-2 toxin can be
reduced but not completely eliminated. T-2 toxin can cause chronic toxicity in organisms after oral
exposure, dermal exposure and inhalation. In livestock, this results in anorexia, reduced body weight
and nutritional efficiency, altered neuro-endocrine system, and immune modulation [12]. In addition,
residues of the T-2 toxin and its metabolites in animal products are an important human health problem.
Poultry is extremely sensitive to the toxic effects of T-2 toxins, leading to yellow cheese-like necrosis at
the edge of the septum, hard mucosal mucosa and typical angular cheilitis of the mouth and tongue [13].
In addition, chickens exposed to T-2 toxin show enhanced mortality from Salmonella infection and
low-resistance titers for Newcastle disease and infectious bursal disease [14,15].

Multiple studies have examined the effects of T-2 toxin in inducing of hepatotoxicity in chickens.
However, the relationship between T-2-induced autophagy and apoptosis has not been examined.
Here, we investigated the effects of T-2 toxin on hepatocyte apoptosis and autophagy and provide
experimental evidence for the potential molecular mechanism of T-2 toxin-induced hepatotoxicity in
broiler chickens.

2. Results

2.1. Pathological Lesions

To determine the effect of T-2 toxin on chicken livers, we examined the pathomorphological
changes in the liver. In the control group, the liver tissue structure was normal, the cell structure was
intact, and the cells were arranged neatly (Figure 1A). In the 0.5 mg/kg T-2 toxin treatment group,
the liver pathological changes were mild; the hepatocyte volume was increased and mild swelling
manifested as blisters, with occasional inflammatory cell infiltration (Figure 1B). In the 1 mg/kg and
2 mg/kg treatment groups, the hepatocytes were swollen and showed balloon-like deformation; the
cytoplasm was vacuolated, and the nucleus was located in the center of the vacuole or squeezed on one
side. Additionally, hepatic sinus stenosis, a small amount of red blood cell deposits, focal inflammatory
cell infiltration and massive proliferation of interlobular bile duct epithelial cells were observed in the
1 mg/kg and 2 mg/kg treatment groups (Figure 1C,D).

2.2. T-2 Triggers Apoptosis in Hepatocytes

We next performed flow cytometry to determine if T-2 toxin induced apoptosis in hepatocytes from
T-2 treated chickens. The amounts of apoptotic cells in the treatment groups were significantly higher
(p < 0.01) than that in the control, and this difference was dose-dependent (Figure 2A,B). Western blot
results showed cleavage of rapamycin (PARP) in the T-2 treatment groups; furthermore, pro-caspase-3
and pro-caspase-9 expressions were reduced in a dose-dependent manner, whereas the cleaved form
of caspase-3 and caspase-9 increased (Figure 2C,D). These data further indicate that T-2 toxin induced
apoptosis in hepatocytes.
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Figure 1. Photomicrographs of hematoxylin and eosin stained chicken liver sections of 21 day chicken
after treatment of T-2 toxin with different concentration of 0, 0.5, 1 and 2 mg/kg. (A) No obvious
pathological changes were observed in hepatocytes. (B) Hepatocytes with mild steatosis and slight
congestion. (C) Hepatocytes were slightly swollen, with vacuolar degeneration and lymphocyte
neutrophil infiltration. (D) The liver showed slight congestion, local vacuolar degeneration was
obvious, and the bile duct epithelium and cells demonstrated slight hyperplasia. Red arrow: red blood
cell; yellow arrow: bile duct epithelial cell; hematoxylin and eosin (H&E); bar, 20 μm.

2.3. The Mitochondrial Pathway is Activated by T-2 Toxin

To evaluate whether the mitochondrial pathway participates in the T-2 toxin-induced apoptosis, we
first examined the mitochondrial reactive oxygen species (ROS) levels in hepatocytes from T-2 treated
chickens by flow cytometry. Low intracellular ROS levels were found in the untreated group, whereas
they increased dramatically in the 1 mg/kg and 2 mg/kg T-2 toxin treatment groups (Figure 3A,B).
In addition, T-2 toxin significantly suppressed the activity of the antioxidant enzymes GSH-Px, CAT
and SOD, but the MDA level was significantly higher in treatment groups than in the control group
(Figure 3C). We next evaluated the protein expression of Bax and Bcl-2 and found that Bax protein
abundance was upregulated, whereas Bcl-2 abundance was downregulated in a dose-dependent
manner, with an increase in Bax/Bcl-2 ratio (Figure 3D). We also examined the mitochondrial release of
cytochrome (cyt c) during T-2 toxin-induced apoptosis. The level of mitochondrial cyt c decreased
with the increase of T-2 toxin concentration, whereas the level of cytosolic cyt c increased (Figure 3E).
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Figure 2. Effect of different concentration (0, 0.5, 1 and 2 mg/kg, respectively) of T-2 toxin on hepatocyte
apoptosis. (A) Scattergram and (B) apoptosis rate of apoptotic hepatocytes. (C) The protein levels of
PARP, caspase-3 and caspase-9, and their cleaved forms in hepatocytes. (D) The bar showed the relative
protein cleaved level of caspase-3, caspase-9 and PARP. The data are presented as the means ± standard
error of the mean (SEM) of three independent experiments. * p < 0.05 and ** p < 0.01, compared with
the control group.

Figure 3. T-2 toxin induced hepatocyte apoptosis via activation of the mitochondria-dependent pathway.
(A,B) Intracellular reactive oxygen species (ROS) levels in hepatocytes from chickens treated with
T-2 toxin of different concentration at 0, 0.5, 1 and 2 mg/kg. (C) The activity of antioxidant enzymes
SOD, CAT, GPX-Sh and MDA content in hepatocytes from chickens treated with T-2 toxin of different
concentration at 0, 0.5, 1 and 2 mg/kg. (D) The Bax and Bcl-2 mRNA and protein levels in hepatocytes
from chickens treated with T-2 toxin of different concentration at 0, 0.5, 1 and 2 mg/kg. (E) The
cytosolic and mitochondrial cyt c level in hepatocytes from chickens treated with T-2 toxin of different
concentration at 0, 0.5, 1 and 2 mg/kg. All the data are presented as means ± SEM of three independent
experiments. * p < 0.05 and ** p < 0.01, compared with the control group.
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2.4. T-2 Toxin Triggers Autophagy in Hepatocytes

To determine if T-2 toxin induces autophagy in hepatocytes from T-2 treated chickens, we measured
the transcript levels of autophagy genes including ATG5, ATG7 and Beclin-1 genes (Figure 4A). T-2
toxin treatments induced greater expression levels of ATG5, ATG7 and Beclin-1 genes compared
with controls. Furthermore, the ratio of LC3-II/LC3-I increased with the T-2 toxin dosage, while the
protein abundance of p62 decreased (Figure 4B). In addition, the cell ultrastructure changed; typical
autophagy features were observed and the number of autophagosomes increased in the treatment
groups compared with controls (Figure 4C).

Figure 4. Effect of T-2 toxin on autophagy in chicken hepatocytes. (A) The mRNA levels of Beclin-1,
Atg5 and Atg7 in hepatocytes from chickens treated with T-2 toxin of different concentration at 0, 0.5,
1 and 2 mg/kg. (B) The protein expression levels of LC3, p62 and Beclin-1 in hepatocytes from chickens
treated with T-2 toxin of different concentration at 0, 0.5, 1 and 2 mg/kg. (C) Morphological observation
of autophagy in hepatocytes from chickens treated with T-2 toxin of different concentration at 0, 0.5,
1 and 2 mg/kg, autophagic vacuoles (red arrows, magnification from left to right: ×1200, ×5000). All the
data are presented as means ± SEM of three independent experiments. * p < 0.05 and ** p < 0.01,
compared with the control group.

2.5. Autophagy Protects Apoptosis in T-2 Treated Hepatocytes

Increased autophagy is considered a protective mechanism against apoptosis as both autophagy
and apoptosis share common proteins. To explore the relationship between autophagy and apoptosis,
the specific autophagy inhibitor 3-methyladenine (3MA) and autophagy inducer rapamycin (RAP)
were used on T-2 toxin-treated hepatocytes. Immunofluorescence showed that T-2 toxin treatment
significantly increased the numbers of LC3B puncta, and autophagy flux was further enhanced after
the addition of RAP, but autophagy intensity was significantly decreased after the addition of 3MA
(Figure 5A,B). When autophagy was inhibited by 3MA, the levels of caspase-3 and caspase-9 cleavage
were significantly enhanced after T-2 treatment. Conversely, when autophagy was induced by RAP,
the levels of caspase-3 and caspase-9 cleavage were significantly decreased (Figure 5C,D). These results
may suggest that autophagy hinders apoptosis in T-2 toxin-treated hepatocytes.
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Figure 5. Autophagy delays apoptosis in T-2 treated hepatocytes. (A) Hepatocytes stained with LC3
(red) antibody using a confocal microscope (600x), Nuclei were stained with 4,6-diamino-2-phenyl
indole (DAPI) (blue; bar = 10 μm). (B) The bar showed the number of LC3 dots. (C) Western blots
showed the expression levels of caspase-3 and caspse-9 cleaved in hepatocytes. (D) The bar showed
the protein level of cleaved caspase-3 and caspase-9. All the data are presented as means ± SEM of
three independent experiments. * p < 0.05 and ** p < 0.01, compared with the control group.

2.6. T-2 Toxin Inhibits the PI3K/Akt/mTOR Signal Pathway

To determine if T-2 toxin regulates the PI3K/Akt/mTOR signal pathway in hepatocytes from T-2
treated chickens, we next examined the protein abundance of the tumor suppressor factor, phosphatase
and tensin homolog (PTEN), which has a dual-specificity phosphatase activity. PTEN expression
level increased in hepatocytes with the increase in T-2 toxin concentration (Figure 6A). In addition,
we examined the protein abundance and phosphorylation levels of PI3K, Akt, mTOR and p70S6K,
which are key proteins in the PI3K/Akt/mTOR pathway. We found that the protein abundances of
PI3K, Akt, mTOR and p70S6K did not differ among the treatment groups, but their phosphorylation
levels gradually decreased with the increase in T-2 toxin concentration (Figure 6B,C). These results
may suggest that T-2 toxin inhibits the PI3K/Akt/mTOR signal pathway in hepatocytes.
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Figure 6. Effect of T-2 toxin on PI3K/Akt/mTOR in hepatocytes. (A) Protein abundance of phosphatase
and tensin homolog (PTEN) in hepatocytes from chickens treated with T-2 toxin of different concentration
at 0, 0.5, 1 and 2 mg/kg. (B) Representative blots showed the expression abundance of p-PI3K, PI3K,
p-Akt, Akt, p-mTOR, mTOR, p-70S6K and 70S6K in hepatocytes from chickens treated with T-2 toxin of
different concentration at 0, 0.5, 1 and 2 mg/kg. (C) The bar graphs showed the ratio of p-PI3K/PI3K,
p-Akt/Akt, p-mTOR/mTOR, and p-p70S6K/p70S6K. All the data are presented as means ± SEM of three
independent experiments. * p < 0.05 and ** p < 0.01, compared with the control group.

3. Discussion

The T-2 toxin has harmful mutagenic, carcinogenic and teratogenic effects on humans and
animals [16–18]. Although various studies have examined hepatocyte apoptosis in broilers treated
with T-2 toxin [19,20], no reports have focused on the relationship between autophagy and T-2
toxin-induced apoptosis. Herein, we reported that T-2 toxin-induced hepatotoxicity was characterized
by the induction of mitochondrial-mediated apoptosis and PI3K/AKT/mTOR-mediated autophagy
in chicken.

The liver is the main organ of metabolism in which foreign substances accumulate and are
detoxified. The T-2 toxin suppresses hepatocyte protein synthesis and inhibits metabolic enzyme
activity and liver fat peroxidation, which ultimately leads to hepatocyte apoptosis [21–23]. In the current
study, histopathological analysis showed that T-2 toxin caused pathological changes in liver tissue,
including hepatocyte swelling, volume increase and more granules in the cytoplasm, suggesting that
T-2 toxin leads to hepatocyte apoptosis. Our results were consistent with the report by Meissonnier et al.
who showed that exposure of pigs to T-2 toxin via diet for 28 days caused liver histopathological changes,
excessive hepatic glycogen accumulation and mild interstitial inflammatory cell infiltration [24].

Apoptosis is a crucial physiological cell death process that can be induced by toxic stimuli [25].
Previous studies have shown that T-2 toxin injection can strongly induce cell apoptosis in different
tissues, such as thymus, spleen and liver, particularly in the liver [6]. Yang et al. incubated primary
chicken hepatocytes with T-2 toxin for 24 h and found that the cell activity was significantly reduced
and apoptosis gradually increased in a dose-dependent manner [9], which was similar to our finding
that hepatocyte apoptosis gradually increased with the increasing dosage of T-2 toxin.

The mitochondrial pathway has a vital role in the intrinsic apoptosis pathway [26], which depends
on the translocation of the apoptogenic protein, cyt c, into the cytoplasm. This occurs via the Bax/Bcl-2
pathway, as their relative levels determine cell destiny by activating death-driving proteolytic proteins
known as caspases [27]. In the current study, several findings suggested that T-2 toxin induced
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the mitochondrial apoptotic pathway in hepatocytes: (1) Bcl-2 was downregulated and Bax was
upregulated, thus increasing the Bax/Bcl-2 ratio; and (2) cyt c was released from the mitochondria into
the cytosol, followed by apoptosome formation with the apoptotic proteases Apaf-1 and caspase-9.
In addition, T-2 toxin treatment lead to an increase in ROS and MDA levels and a decrease in the
activities of SOD, CAT, and GSH-Px, resulting in oxidative stress and a concentration-dependent
increase in apoptotic cells. Mu et al found that T-2 toxin can induce the ROS accumulation and an
increase in mitochondrial mass, which indicated that oxidative stress and mitochondrial enhancement
occurred in T-2 toxin-treated primary hepatocytes, which is similar to our result [28]. In addition to our
results, other studies have shown apoptosis induced by T-2 toxin via the ROS-mediated mitochondrial
pathway in other cells, such as ovarian granulosa cells [29], embryonic stem cells and fibroblast 3T3
cells [30] in mouse.

Autophagy is a crucial homeostasis mechanism that is involved in multiple physiological and
pathological processes [31]. Autophagy also shows a complex relationship with apoptosis, as autophagy
not only increases caspase-dependent cell death, but also promotes cell survival [32]. In the present
study, the increase in gene expression of Atg5, Atg7 and Beclin-1, which are autophagy marker genes,
suggested that T-2 toxin induced autophagy in hepatocytes. Moreover, we found an increase in
the LC3-II/LC3-I ratio and Beclin-1 protein abundance and a decrease in expression of p62 protein,
further suggesting that T-2 toxin induced autophagy in hepatocytes. Bcl-2 and Beclin-1 participate
in the regulation of both apoptosis and autophagy [33], and Bcl-2 interacts with Beclin-1 to suppress
Beclin-1-dependent autophagy [34]. In our study, we found that Beclin-1 was activated by T-2 toxin,
but Bcl-2 was suppressed, and T-2 toxin-induced apoptosis can be delayed by autophagy. Wang
et al showed that autophagy may reduce zearalenone-induced cytotoxicity and prevent rat Leydig
cell apoptosis [35]. Wu et al found that autophagy plays a role in protecting human cells from T-2
toxin-induced apoptosis, because autophagy may decrease toxic responses induced by T-2 toxin [36].
Our results were consistent with these reports.

The PI3K/AKT/mTOR/p70S6K signaling pathway plays a vital role in autophagy regulation in
eukaryotic cells [37]. PI3K induces a signaling cascade and phosphorylates the serine/threonine kinase,
mTOR, by activating the serine/threonine kinase, Akt [38]. PTEN has also been proven to suppress
the Akt/mTOR signal [39]. As the major upstream modulator, the PI3K pathway regulates autophagy
by phosphorylating AKT, which affects the downstream factors p70S6K and 4E-BP1 [40]. Several
mycotoxins induce autophagy by inhibiting the PI3K/Akt/mTOR axis, such as zearalenone in donkey
granulosa cells [41], aflatoxin B2 in chicken hepatocytes [16] and sterigmatocystin in human gastric
epithelium cells [42]. In this study, T-2 toxin inhibited the phosphorylation of PI3K, Akt, mTOR and
p70S6K, whereas it activated PTEN, suggesting that the PI3K/AKT/mTOR/p70S6K pathway may be
participated in the autophagic process induced by toxicity effect of T-2 toxin. These findings are similar
to a previous study that showed that deoxypodophyllotoxin induced cytoprotective autophagy against
apoptosis through inhibition of the PI3K/AKT/mTOR pathway in osteosarcoma U2OS cells [42].

In summary, T-2 toxin treatment activates the mitochondrial apoptotic pathway by triggering
ROS production and Bcl-2 family protein expression, resulting in hepatocyte apoptosis. In addition,
T-2 toxin may involve in the PI3K/AKT/mTOR signal to regulate hepatocellular autophagy. This
study provides new insights into the mechanisms underlying the toxicological effect of T-2 toxin in
chicken hepatocytes.

4. Materials and Methods

4.1. Ethics Approval

All experimental operations were approved by the Animal Ethics Committee of Sichuan
Agricultural University, and the approved number was 2018-2121 (21 May 2018). Relevant guidelines
and regulations were followed while performing all the methods.
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4.2. Animals

A total of 120 ROSS 308 male chickens at one-day of age were used in this study. After being
weighted, chickens were randomly divided into four groups (n = 30 per group); each treatment had six
replicates with five chickens. Experimental replicates were raised in separate cages. The four groups
were maintained under the same condition and received general nutrient composition and levels that
met the requirement of ROSS 308, with T-2 toxin in feed as follows: 0 mg/kg (control), 0.5 mg/kg,
1 mg/kg, and 2 mg/kg. Feed and water were freely available during the whole trial period.

4.3. Exposure of Chickens

All the feed was made up by the processing-workshop of feedstuff in the Animal Nutrition
Institute of Sichuan Agricultural University, which meet the nutritional requirement of ROSS 308.
There were no common mycotoxins, such as aflatoxins, deoxynivalenol, ochratoxin A, zearalenone
and T-2 toxin, were found in this feed by the ELISA kit (Huaan Mangech Biotech, Beijing, China).
Firstly, the T-2 toxin (purity ≥ 98%; Sigma Aldrich, St. Louis, MO, USA) powder was dissolved by 95%
ethanol, and mixed in 1 kg feed and dry it. Then, the mixture was added into feed to get the get the
target concentration (0 mg/kg, 0.5 mg/kg, 1 mg/kg, and 2 mg/kg, respectively) of T-2 toxin. At last, we
used the ELISA kit (Huaan Mangech Biotech) to confirm the final concentration of toxins in the feed.

4.4. Sample Collection and Preparation

After 21 days of feeding, six chickens (one chicken for every replicate) were randomly selected
from the same treatment and euthanized. Livers were collected to determine the pathological histology
and hepatocyte apoptosis rate. Fresh livers were dissected, minced, and stored at − 80 ◦C for extracting
RNA and protein.

4.5. Pathological Observation

Liver tissues were fixed overnight in 4% phosphate-buffered paraformaldehyde (Jianke Biotech,
Chengdu, Sichuan, China) and then paraffin-embedded blocks were archived. We sliced 5 μm thick
tissue sections from paraffin-embedded tumor blocks and mounted the sections onto glass slides.
Hematoxylin and eosin (H&E) staining was performed on tissue sections, and pathological examination
was performed using an optical microscope (Olympus, Tokyo, Japan).

4.6. Apoptosis Detection

Livers were minced in pre-cold phosphate-buffered saline (PBS; Beyotime, Shanghai, China), and
the suspension was passed through a 300 mesh nylon filter. After filtration, the hepatocyte suspensions
were washed in PBS twice. Hepatocytes were re-suspended in 1× binding buffer (BD Pharmingen,
Santiago, CA, USA) to obtain a concentration of 1 × 106 cells/mL. Next, 100 μL were transferred into a
culture tube and 5 μL of propidium iodide (PI; BD Pharmingen, Shanghai China) and 5 μL of Annexin
V-FITC (BD Pharmingen, Shanghai, China) were added. After mixing, the cells were incubated at
25 ◦C for 15 min in the dark and then 400 μL of 1× binding buffer (BD Pharmingen, Shanghai, China)
was added. Cells were then analyzed by FACSCanto II flow cytometry (BD Bioscience, San Diego, CA,
USA).

4.7. Real-Time PCR

Total RNA of the livers were isolated by Trizol reagent (TaKaRa, Dalian, China). First-strand
complementary cDNA was synthesized by PrimeScirptTM RT reagent kit with gDNA eraser (TaKaRa,
Dalian, China) following the manufacturer’s protocol, and then was stored at − 20 ◦C for RT-PCR. PCR
amplifications were performed as follows: 95 ◦C for 5 min and 36 cycles each with 95 ◦C for 10 s, 60 ◦C
for 30 s and 72 ◦C for 20 s, then 65 ◦C for 5 s and 95 ◦C for 5 s using the BIO-RAD CFX ConnectTM real
time system (Bio-Rad, Hercules, CA, USA). All PCR reactions were performed in triplicate. β-actin was
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used as the endogenous reference gene. Specific primers are referenced to Chen et al [16] or designed
by the software of Primer Premier 5.0 (Ottawa, Ontario, Canada, 2007), and the primer sequences are
listed in Table 1.

Table 1. Table: Gene-special primers for RT-PCR.

Gene Forward Primer Reverse Primer NCBI Accession no Tm/°C Product/bp

Bcl-2 5-ATCGTCGCCTTCTTCGAGTT-3 5-ATCCCATCCTCCGTTGTCCT-3 NM_205339.2 61 78
Atg5 5-GATGAAATAACTGAAAGGGAAGC-3 5-TGAAGATCAAAGAGCAAACCAA-3 NM_001006409.1 52 124
Atg7 5-TCAGATTCAAGCACTTCAGA-3 5-GAGGAGATACAACCACAGAG-3 NM_001030592.1 55 62

Beclin-1 5-CAGACACGCTGCTGGACC-3 5-TCTCCTTGTCATCCTCGTTCA-3 NM_001006332.1 60 84
β-actin 5-CCGCTCTATGAAGGCTACGC-3 5-CTCTCGGCTGTGGTGGTGAA-3 NM_204313.1 60 127

4.8. Western Blot Analysis

The refrigerated livers were washed with pre-cold PBS twice and centrifugation at 3000×
g for 5 min at 4 ◦C, then removed the supernatant. Total protein extracts were obtained by
homogenizing liver in RIPA lysis buffer (Sigma Aldrich) supplemented with protease inhibitor
cocktail and phosphatase inhibitors. After centrifugation, the supernatant was collected and stored
at −80 ◦C. Protein concentration was determined by the BCA protein detection kit (Sangon Biotech,
Shanghai, China). Western blot analysis was performed as previously described by Han et al. The
primary antibodies were used: caspase-3 (ZenBio, Chengdu, China), caspase-9 (ZenBio), β-actin
(Abcam, Cambridge, MA, USA), Bax (ZenBio), Bcl-2 (Santa Cruz, Heidelberg, Germany), LC3B (Sigma),
P62 (Santa Cruz), beclin-1 (Sigma), PI3K/Akt/mTOR/70S6K protein and phosphorylated antibody were
purchased from Bioss Biotechnology Co. Ltd. (Bioss, Beijing, China). The secondary antibodies used
were as follows: mouse anti-rabbit (Sigma), goat anti-rabbit (Sigma), mouse anti-rabbit horseradish
peroxidase (HRP) (Zenbio). The enhanced chemiluminescence (ECL) kit (Beyotime, Jiangsu, China)
was used to capture the bands via a CanoScan LiDE 100 scanner (Canon, Tokyo, Japan), and western
blots were analyzed by Image J software (Bethesda, MD, USA, 2007).

4.9. Cytochrome C Release

The cytoplasm was first isolated from the mitochondria using the cytochrome C release apoptosis
kit (BioVision, Mountain View, CA, USA). After treatment with E2 for 24 h, the cells were lysed
by homogenizing in the cytosol extraction solution provided by the kit and then centrifuged at
700× g for 10 min. Cells were then centrifuged at 12,000× g for 30 min to separate cytoplasmic and
mitochondrial components. Determination of cytoplasmic and mitochondrial cytochrome C abundance
was performed by western blot using mouse monoclonal antibodies provided in the kit.

4.10. Transmission Electron Microscopy (TEM) Observations

Hepatocytes were fixed in 2.5% glutaraldehyde phosphate buffer saline (Sigma, St. Louis, MO,
USA) and post-fixed in 1% osmium tetroxide (Sigma). The samples were dehydrated in graded
ethanol solutions, and cells were embedded in the stimulating resin. Sections (60 nm) were cut using
ultramicrobody (Leica Microsystems, Milan, Italy). The divided grid has a saturated solution of uranyl
acetate and lead citric acid. Samples were examined by electron microscopy (FEI, Milan, Italy).

4.11. Intracellular Reactive Oxygen Species (ROS) Detection

Production of intracellular ROS production was measured using the fluorescent dye substrate
2’,7’-dichlorofluorescin-diacetate (DCFH-DA; Procell, Wuhan, China) as a substrate. Cells were
incubated for 60 min at 37 ◦C with 10 μM DCFH-DA and then harvested and suspended in Hank’s
Balanced Salt Solution (D-HBSS; Procell). The generation of ROS was analyzed using FACSCanto II
flow cytometry (BD Bioscience, New York, NJ, USA).
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4.12. Antioxidative Enzymes and Malondialdehyde Detection

The activities of superoxide dismutase (SOD), glutathione peroxidase (GPX-Px) and catalase (CAT)
and malondialdehyde (MDA) level were determined by commercial assay kits (Jiancheng, Nanjing,
China) according to the manufacturer’s instructions. After mixing the liver cell homogenate with the
reagents, the cells were incubated at 37 ◦C overnight for multi-scan spectroscopy detection.

4.13. Immunofluorescence and Confocal Microscopy

Hepatocytes grown on 24-well plates were fixed with 4% paraformaldehyde (Jianke Biotech,
Guangzhou, China) for 10 min. After washing with PBS twice, cells were blocked using 3% bovine
serum albumin (BSA; Thermo Fischer Scientific; former Savant, MA, USA) and 0.2% Triton X-100
(Thermo Fischer Scientific, Waltham, MA, USA) in PBS for 10 min at 37 ◦C. The samples were incubated
with the relevant antibodies in PBS/10% FSC for 1 h and then stained with the appropriate fluorescent
secondary antibody. Fluorescence intensities were captured by an Olympus FluoView FV1000 confocal
microscope (Olympus, Melville, NY, USA). To block or induce autophagy, cells were treated with
3-methyladenine (10 mM; Sigma, St. Louis, MO, USA) or rapamycin (4 μM; Sigma), respectively, for
6 h.

4.14. Statistical Analysis

Statistical analyses were performed using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA, 2000).
Data are shown as least squares means ± standard error of the mean (SEM). Differences between
groups were assessed using t-test, and values were considered significant difference at p < 0.05.
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Abstract: In this report, we have investigated the apoptosis and autophagy of chondrocytes induced by
the T-2 and HT-2 toxins. The viability of chondrocytes was measured by the MTT assay. Malondialdehyde
(MDA) and superoxide dismutase (SOD) kits were used to measure the oxidative stress of chondrocytes.
The apoptosis of chondrocytes was measured using flow cytometry. Hoechst 33258 and MDC staining
agents were introduced to analyze apoptosis and autophagy induction in chondrocytes, respectively.
Protein expression of Bax, caspase-9, caspase-3, and Beclin1 was examined by western blotting analysis.
The T-2 and HT-2 toxins significantly decreased the viability of chondrocytes in a time-dependent
manner. The level of oxidative stress in chondrocytes induced by the T-2 toxin was significantly higher
when compared with that of the HT-2 toxin. The apoptosis rate of chondrocytes induced by the T-2
toxin increased from 3.26 ± 1.03%, 18.38 ± 1.28%, 34.5 ± 1.40% to 49.67 ± 5.31%, whereas apoptosis rate
of chondrocytes induced by the HT-2 toxin increased from 3.82 ± 1.03%, 11.61 ± 1.27%, 25.72 ± 2.95%
to 36.28± 2.81% in 48 h incubation time. Hoechst 33258 staining confirmed that apoptosis of chondrocytes
induced by the T-2 toxin was significantly higher than that observed when the chondrocytes were
incubated with the HT-2 toxin. MDC staining revealed that the autophagy rate of chondrocytes induced
by the T-2 toxin increased from 6.38% to 63.02%, whereas this rate induced by the HT-2 toxin changed
from 6.08% to 53.33%. The expression levels of apoptosis and autophagy related proteins, Bax, caspase-9,
caspase-3, and Beclin1 in chondrocytes induced by the T-2 toxin were significantly higher when compared
with those levels induced by the HT-2 toxin.

Keywords: T-2 toxin; HT-2 toxin; apoptosis; autophagy

Key Contribution: The T-2 and HT-2 toxins can significantly induce apoptosis and autophagy of
chondrocytes; and apoptosis and autophagy of chondrocytes induced by T-2 toxin were much higher
when compared with that of the HT-2 toxin.

1. Introduction

Kashin–Beck disease (KBD) is an endemic, chronic, and deformed osteoarthropathic disease.
There are 0.64 million KBD patients distributed from northeast to southwest regions of China.
KBD patients suffer from joint pain, morning stiffness, limited motion, and joint enlargement [1,2].
Three underlying risk factors are considered to be responsible for KBD: mycotoxin (T-2 toxin) in grain,
selenium deficiency, and organic acid in drinking water [3,4]. Recently, research effort has focused
on apoptosis of human chondrocytes induced by the T-2 toxin [5]. Previous epidemiologic studies
have confirmed the presence of higher concentrations of the T-2 toxin in grains from endemic areas [6].
The T-2 toxin has been showed to exert various toxin effects on experimental animals and human
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chondrocytes, including the dysplasia tibial growth plate cartilage in chicken, and induction of
apoptosis of human chondrocytes, which involves p53, Bcl-xL, Bcl-2, Bax, and caspase-3 signaling
pathways [7].

T-2 toxin is hydrolyzed to the HT-2 toxin in nature. For example, the T-2 toxin is rapidly
metabolized to the HT-2 toxin in microsomes of liver, kidney, and spleen with conversion rates of 80%.
The T-2 toxin detected in grains can be rapidly converted in vivo to the HT-2 toxin after consuming
the contaminated food. The T-2 toxin rapidly combines with proteins in the blood and is delivered to
organs through the mouth, skin, and respiratory tract [8]. The T-2 toxin is metabolized to the HT-2
toxin in the liver after entering enterohepatic circulation. Rats treated with T-2 toxin for 8 h, were found
to convert the toxin at different rates in various tissues with conversion rates ranging from 68.20% to
90.70%, and the T-2 and HT-2 toxins were both detected in the skeletal system (thighbone, knee joint,
and costal cartilage) [9]. The T-2 toxin in cultured chondrocytes is metabolized into the HT-2 toxin.
The concentration of the T-2 toxin in the cell medium was found to decrease from 20 to 6.67 ng/mL
during 48 h incubation period, while the concentration of the HT-2 toxin increased from 0 to 6.88 ng/mL
over the same period [10]. Metabolism of the T-2 toxin to the HT-2 toxin in the liver and digestive
systems can directly affect the human skeletal system. However, the toxic effects of the HT-2 toxin on
human chondrocytes remain poorly understood.

In this study, human chondrocytes were cultured in fetal bovine serum (FBS) media.
The chondrocytes were exposed to the T-2 and HT-2 toxins for 48 h, and the resulting apoptotic
and autophagic effects were monitored.

2. Results

2.1. Viability of Chondrocytes Induced by the T-2 and HT-2 Toxins

Chondrocytes were incubated with the T-2 and HT-2 toxins (20 ng/mL) for 48 h. As shown
in Figure 1, the T-2 and HT-2 toxins decreased the viability of chondrocytes significantly in
a time-dependent manner, and the toxic effect of the T-2 toxin on the viability of chondrocytes was
significantly higher than that of the HT-2 toxin after 24 h and 48 h incubation time. Therefore, the toxic
effect of the T-2 toxin on the viability of chondrocytes was significantly higher when compared with that
of the HT-2 toxin.

 
Figure 1. Effects of same concentration of the T-2 and HT-2 toxins on the cellular viability of
chondrocytes were estimated by MTT reduction. * p < 0.05 was considered as significant difference
between the two groups.

2.2. Oxidative Stress of Chondrocytes Induced by the T-2 and HT-2 Toxins

MDA is an important indicator of lipid peroxidation damage in tissue and cells. As shown
in Figure 2a, the chondrocytes were treated with the T-2 and HT-2 toxins (20 ng/mL) for 48 h.
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The MDA content in the chondrocytes increased as the incubation time in the presence of the two
toxins increased. At the same dose and incubation period (12 h and 48 h), the MDA content in
the chondrocytes induced by the T-2 toxin was significantly higher than the chondrocytes exposed to
HT-2 toxin (p < 0.05).

 
Figure 2. The malondialdehyde (MDA) (a) and superoxide dismutase (SOD) (b) content in
the chondrocytes were induced by the T-2 and HT-2 toxins. * p < 0.05 was considered as significant
difference between the two groups.

SOD is an important antioxidant defense enzyme in humans. As shown in Figure 2b, the SOD
content in the chondrocytes decreased as the incubation period of the T-2 and HT-2 toxins increased.
At the same dose and incubation period (12 h and 24 h), the SOD content in the chondrocytes incubated
with the T-2 toxin was significantly lower when compared with the SOD content present in chondrocytes
cultured with the HT-2 toxin (p < 0.05).

2.3. Apoptosis of Chondrocytes Induced by the T-2 and HT-2 Toxins

Flow cytometry was used to analyze apoptosis of chondrocytes induced by the T-2 and HT-2 toxins
(20 ng/mL). Apoptosis of chondrocytes increased gradually as the incubation period with the toxins
increased (Figure 3); the apoptosis of chondrocytes induced by the T-2 toxin increased in the range
3.26 ± 1.03%, 18.38 ± 1.28%, 34.5 ± 1.40%, and 49.67 ± 5.31% after incubation for 0, 12, 24, and 48 h,
respectively, whereas apoptosis of chondrocytes induced by HT-2 toxin increased in the range
3.82 ± 1.03%, 11.61 ± 1.27%, 25.72 ± 2.95%, and 36.28 ± 2.81% over the same time. At the same dose
and incubation period, the apoptosis of chondrocytes induced by the T-2 toxin was significantly higher
than that induced by the HT-2 toxin, and the difference was statistically significant (p < 0.05).

Hoechst 33258 staining was used to analyze apoptosis of chondrocytes induced by the T-2 and HT-2
toxins. Cell nuclei that stained white and thick dense were considered to be positive apoptosis cells.
As shown in Figure 4, the apoptosis rate of chondrocytes incubated with the T-2 toxin increased
from 3.94% to 60.67%, whereas the apoptosis rate of chondrocytes incubated with the HT-2 toxin
increased from 3.74% to 40.75%. Therefore, the apoptosis of chondrocytes induced by the T-2 toxin
was significantly higher when compared with that of HT-2 toxin, and the difference was statistically
significant between two groups (p < 0.05).
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Figure 3. Apoptosis of chondrocytes was induced by the T-2 and HT-2 toxins using flow cytometry
analysis. * p < 0.05 was considered as significant difference between two groups.

 
Figure 4. Apoptosis of chondrocytes was induced by the T-2 and HT-2 toxins using Hoechst 33258
staining. The cell nucleus with a white, thick dense cells were considered to be positive apoptosis cells
under the fluorescence microscope (×400). * p < 0.05 was considered as significant difference between
two groups.

2.4. Apoptosis-Related Proteins in Chondrocyte Induced by T-2 and HT-2 Toxins

As shown in Figure 5, chondrocytes incubated with the T-2 and HT-2 toxin (20 ng/mL) for 48 h
shown an increased expression level of Bax (Figure 5a), caspase-9 (Figure 5b), and caspase-3 (Figure 5c),
and the increases in protein levels were dependent on the incubation period. The relative expression
level of Bax, caspase-9, and caspase-3 proteins in chondrocytes induced by the T-2 toxin was 1.29 fold,
0.99 fold, and 1.32 fold, respectively. The relative expression level of Bax, caspase-9, and caspase-3
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proteins in chondrocytes induced by the HT-2 toxin was 0.91 fold, 0.68 fold, and 1.12 fold, respectively.
The increased expression levels of Bax, caspase-9, and caspase-3 in chondrocytes induced by the T-2
toxin were statistically significant when compared with that of the HT-2 toxin (p < 0.05).

 
Figure 5. Apoptosis and autophagy related with proteins (a) Bax, (b) caspase-9, (c) caspase-3, and (d) Beclin1
of chondrocytes were induced by the T-2 and HT-2 toxins. The expression levels of Bax, caspase-9, caspase-3,
and Beclin1 referred to the GAPDH (load control) were calculated in the T-2 toxin group and HT-2 toxin
group. And then the expression levels of Bax, caspase-9, caspase-3, and Beclin1 were compared between
two groups. * p < 0.05 was considered as significant difference between two groups.

2.5. Autophagy of Chondrocytes Induced by the T-2 and HT-2 Toxins

As shown in Figure 6, the MDC kit was used to analyze autophagy of chondrocytes induced
by the T-2 and HT-2 toxins (20 ng/mL). Cell nuclei stained cyan-green were positive for an acidic
autophagosome. The autophagy rate of chondrocytes induced by the T-2 toxin increased from 6.38%
to 63.02%, and the autophagy rate of chondrocytes induced by the HT-2 toxin increased from 6.08%
to 53.33%. Therefore, the autophagy rate of chondrocytes induced by the T-2 toxin was significantly
higher than that caused by the HT-2 toxin, and the difference was statistically significant (p < 0.05).
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Figure 6. Autophagy of chondrocytes was induced by the T-2 and HT-2 toxins using MDC staining,
cell nuclei stained cyan-green were positive for an acidic autophagosome under the fluorescence
microscope (×400). * p < 0.05 was considered as significant difference between two groups.

2.6. Autophagy-Related Proteins in Chondrocytes Induced by the T-2 and HT-2 Toxins

As shown in Figure 5d, the relative expression level of Beclin1 was observed to increase gradually
as the incubation period increased. The relative expression level of Beclin1 in chondrocytes induced
by the T-2 toxin was increased 1.03 fold, and the relative expression level of Beclin1 in chondrocytes
induced by the HT-2 toxin was increased 0.88 fold after an incubation of 48 h. The increased expression
level of Beclin1 in chondrocytes induced by the T-2 toxin was significantly higher when compared
with that of the HT-2 toxin (24 h and 48 h), and the difference was statistically significant (p < 0.05).

3. Discussion

Currently, research efforts have focused mainly on T-2 toxin contamination in grains for the etiology
of KBD. However, it remains unclear that whether the T-2 toxin in grains specifically damages articular
cartilage of children KBD, and that the expression levels of apoptotic and autophagic proteins in
chondrocytes are exposed to the T-2 toxin during the early stages of the disease. Based on our previous
experiments [9,10], the T-2 toxin is metabolized to the HT-2 toxin after entering into the skeletal system
of rats. The T-2 toxin levels were observed to decrease in chondrocytes over a 48 h period concomitant
with the significant increase in the concentration of the HT-2 toxin. In contrast, there is a paucity of data
describing the toxicity of the HT-2 toxin on chondrocytes, and there is no comparative study describing
the toxicity of the T-2 and HT-2 toxins toward chondrocytes. Therefore, in this study, chondrocytes
were incubated with the same concentration of the T-2 and HT-2 toxins to explore the apoptotic
and autophagic affects induced by these toxins.

In this study, chondrocytes were incubated with the T-2 and HT-2 toxins for 48 h. MTT analysis
revealed that the toxicity of the toxins on chondrocytes is time-dependent. The T-2 and HT-2
toxins increased oxidative stress in chondrocytes significantly. Flow cytometry analysis showed
that the T-2 toxin induced an increase from 3.26% to 49.67% in the apoptosis rate of chondrocytes,
whereas the apoptosis rate of chondrocytes induced by the HT-2 toxin increased significantly from 3.82%
to 36.28%. Immunofluorescence analysis also confirmed that the apoptosis rate of chondrocytes induced
by the two toxins increased significantly. Western blot analysis showed that the relative expression
levels of Bax, caspase-3, and caspase-9 in chondrocytes incubated with the T-2 and HT-2 toxins
increased significantly. The oxidative stress level, apoptosis rate, and apoptosis-related proteins for
chondrocytes induced by the T-2 toxin were significantly higher than those observed when these cells
were incubated with the HT-2 toxin. Nonetheless, the oxidative stress of chondrocytes incubated
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with both toxins increased significantly, which caused a change to the mitochondrial membrane
potential and mitochondrial membrane osmosis, release of mitochondrial pro-apoptotic protein Bax,
and the subsequent release of cytochrome C related proteins (caspase-9 and caspase-3). All these
factors eventually resulted in apoptosis of the chondrocytes.

Autophagy of the chondrocytes was induced by both toxins, and immunofluorescence analysis
showed that the autophagy rate of chondrocytes induced by the T-2 toxin increased from 3.94% to
60.67%, whereas the autophagy rate of chondrocytes induced by the HT-2 toxin increased from 3.74%
to 40.75%. Western blot analysis revealed that the expression levels of Beclin1 increased significantly
in chondrocytes incubated with the T-2 and HT-2 toxins. Autophagy of chondrocytes induced by
the T-2 toxin was also significantly higher than that induced by the HT-2 toxin. Recent studies have
reported that the T-2 and HT-2 toxins induce autophagy and apoptosis of porcine and mouse oocytes,
rat brain, primary cardiomyocyte, liver cells, and mouse primary leydig cells. Two studies [11,12]
showed an increase in the ROS levels of porcine and mouse oocytes when incubated with the HT-2 toxin,
indicating an increase in oxidative stress. ROS levels in the treated group were also higher, confirming that
the HT-2 toxin caused oxidative stress, which induced apoptosis and autophagy. A previous study [13]
reported autophagy in the brain and apoptosis in the pituitary, suggesting that the T-2 toxin may induce
different acute reactions in different tissues. Three studies [14–16] also confirmed that incubation
of the T-2 toxin with mouse primary leydig cells, liver cells, and primary cardiomyocyte caused
up-regulation of LC3-II and Beclin1, suggesting that the T-2 toxin promotes a high level of autophagy.
Pretreatment of these cells with chloroquine and rapamycin was shown to increase and decrease
the rate of apoptosis, respectively. Therefore, autophagy may prevent apoptosis of cells by reducing
T-2 toxin-induced cytotoxicity. The T-2 toxin is also an environmental risk factor of the KBD, and our
results showed that the T-2 and HT-2 toxins can significantly induce apoptosis and autophagy of
chondrocytes, and these observations were consistent with previous studies [11–17]. The apoptosis
and autophagy rates of chondrocytes induced by the T-2 toxin were much higher than those rates
induced when the chondrocytes were incubated with the HT-2 toxin, and such an observation has not
been reported previously.

The results showed an increase of both apoptosis and autophagy in chondrocytes treated
with the T-2 and HT-2 toxins, which is in agreement with previous studies. Autophagy is a normal
physiological activity of cells, which was activated in chondrocytes treated with the T-2 and HT-2
toxins, to avoid further cell damage. There is a complex relationship between autophagy and apoptosis.
When cells are exposed to low environmental pressures, activation of autophagy can prevent apoptosis
and subsequent cell death. When cells are subjected to strong or prolonged environmental stress,
the process of autophagy consumes excessive levels of intracellular proteins or organelles, leading to
cell survival failure that promotes programmed cell death [18–20].

4. Conclusions

In conclusion, our results showed that the T-2 and HT-2 toxins induce apoptosis and autophagy
of chondrocytes, and that the level of oxidative stress plays an important role in autophagy activation.
The activation of autophagy can reduce oxidative damage and therefore functions in protecting
chondrocytes from apoptosis through capture, elimination, and degradation of damaged mitochondria.

5. Methods and Materials

5.1. Reagents and Antibodies

Fetal bovine serum (FBS), dimethyl sulfoxide (DMSO), and Hoechst 33258 were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The T-2 and HT-2 toxins were purchased from J&K Chemical
Ltd (Beijing, China). The thiazolyl blue tetrazolium bromide (MTT) was purchased from Amresco
(Solon, OH, USA). The malondialdehyde (MDA) kit and the superoxide dismutase (SOD) kit were
purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The Bicinchoninic Acid
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(BCA) Protein Assay kit was purchased from TianGen Biotech (Beijing, China). Anti-Bax, anti-Caspase 9,
anti-Caspase 3, and anti-Beclin1 antibodies were purchased from Cell Signaling Technology, Inc.
(Danvers, MA, USA).

5.2. Cell Culture and Treatment

The human chondrocytes cell line (C28/I2) was cultured in DMEM/F12 medium with 9% FBS
at 37 ◦C and 5% CO2 in a humidified atmosphere. Once the chondrocytes had reached a steady state
of the exponential growth phase, these cells were seeded at a density of 1.0 × 104 per well in 96-well
plates and grown overnight. The cells were then cultured in a medium containing either the T-2 toxin
or the HT-2 toxin (20 ng/mL) for 0, 12, 24, and 48 h. The T-2 and HT-2 toxins (1 mg) were freshly
dissolved in 1 mL DMSO and protected from light. In the T-2 toxin and HT-2 toxin treatment group,
the cellular viability, oxidative stress, apoptosis, and autophagy of chondrocyte were determined.

5.3. MTT Assay

Human chondrocytes in the logarithmic phase were suspended in 0.1% EDTA trypsin.
Two hundred microliter cell suspensions were seeded into individual 96-well plates at a density
of 1 × 104 cells per well. The experiments were carried out in the toxin group and control group.
Complete medium with either the T-2 toxin or HT-2 toxin (20 ng/mL) was added and the cells were
incubated for 0, 12, 24, and 48 h. Twenty microliters of MTT was added into the toxin and control
groups to a final concentration of 0.5 mg/mL at each incubation time point. After 4 h at 37 ◦C,
the medium containing MTT was aspirated and replaced with 150 μL DMSO and incubated for
a further 1 h. Following this incubation, the absorbance was measured using an automatic microplate
reader at 510 nm. The calculation of the viability rate at different concentrations and time points is
as follows (1):

Viability rate (%) = {[(control group − blank control group)

− (toxin group − blank toxin group)]/(control group − blank control group)} × 100%
(1)

5.4. Oxidative Stress

Sample pretreatment: The supernatant of cell culture was discarded, and the pellet was digested
with 0.25% trypsin for 2 min. Then, the culture medium was added to stop digestion by gentle
micropipetting, and transferred into an EP tube and centrifuged at 3500–4000 rpm for 10 min.
The supernatant was discarded and the precipitated cells were broken into suspension using ultrasonic
wave. Their protein concentration was determined using bicinchoninic acid (BCA) protein assay kit.
A volume of 0.2 mL of the suspension in a centrifuge tube (1.5 mL) was used for the assay.

The MDA assay kit was purchased from Nanjing Jiancheng Bioengineering Institute and used
to measure oxidative stress damage. The centrifuge tubes were divided into four groups: standard
tubes (0.2 mL 10 nmon/mL standards + 0.2 mL reagent 1 + 1.5 mL reagent 2 + 1.5 mL reagent 3),
standard blank tubes (0.2 mL absolute ethyl alcohol + 0.2 mL reagent 1 + 1.5 mL reagent 2 + 1.5 mL
reagent 3), measure tubes (0.2 mL measure sample + 0.2 mL reagent 1 + 1.5 mL reagent 2 + 1.5 mL
reagent 3), and measure blank tubes (0.2 mL measure sample + 0.2 mL reagent 1 + 1.5 mL reagent 2 +
1.5 mL 50% glacial acetic acid). A spiral vortex mixer was used to mix samples in the standard tubes,
standard blank tubes, measure tubes, and measure blank tubes. Test tubes were placed in a water bath
for 40 min at 95 ◦C, cooled with a water cooling tube, and centrifuged at 3500–4000 rpm for 10 min.
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The supernatant was collected and the absorbance value (OD) of samples in each tube was measured
at 532 nm with 1 cm optical path (2).

MDA (nmol/mgprot) = [(OD measure tube − OD measure blank tube)/(OD standard tube

− OD standard blank tube)] × concentration of standard sample (10 nmol/mL)

÷ protein concentration of measure sample (mgprot/mL)

(2)

The SOD assay kit was also purchased from Nanjing Jiancheng Bioengineering Institute and used
to determine the activity of SOD using the WST-1 method. The centrifuge tubes were divided into
four groups: control tubes (20 μL double distilled water + 20 μL enzyme working solution + 200 μL
substrate application solution), control blank tubes (20 μL double distilled water + 20 μL enzyme
diluents solution + 200 μL substrate application solution), measure tubes (20 μL measure sample
+ 20 μL enzyme working solution + 200 μL substrate application solution), and measure blank tubes
(20 μL measure sample + 20 μL enzyme diluents solution + 200 μL substrate application solution).
A spiral vortex mixer was used to mix samples in the control tubes, control blank tubes, measuring
tubes, and measuring blank tubes, and then samples were incubated at 37 ◦C for 20 min. The absorbance
value (OD) of samples was measured at 450 nm. The SOD activity is then measured by the degree
of inhibition of this reaction. One unit of SOD was defined as the amount of enzyme needed to
produce 50% dismutation of superoxide radical. The calculation of SOD activity is as below (3):

(U/mgprot) = inhibition rate of SOD (%) ÷ 50% × [reaction system (0.24 mL)/

dilution ratio (0.02 mL)] ÷ protein concentration of measuring sample (mgprot/mL)
(3)

5.5. Flow Cytometry of AV/PI

The apoptosis assay kit was used to measure apoptosis using Annexin V and PI double staining.
Chondrocytes were incubated with either the T-2 or HT-2 toxin (20 ng/mL) for 0, 12, 24, and 48 h.
Chondrocytes were washed with PBS twice and 250 μL binding buffer was added to resuspend
chondrocytes at a density of 1.0 × 106/mL. The cell suspension (100 μL), PI solution (10 mL, 20 μg/mL),
and Annexin V/FITC (5 μL) were added to the 5 mL flow tube. The flow tube was mixed and incubated
for 15 min in the dark at room temperature. Then 400 μL PBS was added to the reaction tube for flow
cytometry analysis. As Annexin V and PI double staining were used to measure the apoptosis rate,
automatic compensation regulation was used to avoid overlapping of two fluorescein wavelengths
in the flow cytometry. When obtaining data from flow cytometric analysis, the gating was set using
the combination of Forward Scatter (FSC) and Side Scatter (SSC), to establish FSC versus SSC dot
diagram. By setting FSC threshold according to the size and granularity of chondrocytes, it can
distinguish different cell populations, and remove from cell fragments, dead cells, and adhesion cells.
The early apoptotic cells had been quantified using the Gated% data, the calculation of early apoptosis
rate was Lower Right/(Upper Left + Upper Right + Lower Left + Lower Right).

5.6. Fluorescence Intensity Analysis

Hoechst 33258 was used to detect apoptosis of the chondrocytes. Chondrocytes were cultured in
a 12-well plate. After the cells absorbed to the plate, the supernatant was discarded and the chondrocytes
were fixedwith 4% formaldehyde for 30 min. The fixed chondrocytes were stained using a Hoechst 33258
working solution for 1 h at 37 ◦C with 5% CO2 in a humidified atmosphere. The maximum excitation
and emission wavelength of Hoechst-DNA were 352 and 461 nm, respectively. Nuclei of normal
chondrocytes fluoresced blue under the fluorescence microscope, whereas pale, dense, and hyperchromatic
nuclei represented apoptotic cells.

Monodansylcadaverine (MDC) can be used to specifically mark the formation of autophagosomes.
The chondrocytes were treated with the T-2 and HT-2 toxins in 24-well plates, and the medium was
absorbed. One hundred microliters of the MDC staining solution was added to each well and staining
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was carried out for 30 min at room temperature in the presence of light. The culture medium was
discarded, and the cells were washed three times with 1× wash buffer (300 μL). The cell slide was
covered with the collection buffer (100 μL). The wavelengths of stimulation and blocking filters of
the fluorescence microscope were of 355 and 512 nm, respectively. Cell nuclei stained cyan-green
were positive for an acidic autophagosome. When the cells were photographed using the fluorescence
microscope, we identified four microscope fields of every replication microscopic picture (×400)
and the cells were counted. Then the apoptosis rate was calculated as number of apoptotic cells/number
of apoptotic cells and normal cells. Finally, the results were presented by mean ± standard deviations.

5.7. Protein Extraction and Western Blot Analysis

The chondrocytes were lysed using RIPA (Trizol method) and total protein in cell lysates was
harvested by centrifugal separation according to the manufacturer’s instructions. The concentration
of extracted protein was quantified by the BCA assay kit (Beijing Tiangen Biotech Company,
Beijing, China). Equal amounts (50 μg) of extracted protein were subjected to 10% (w/v) sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred
onto PVDF membrane. They were pre-incubated in blocking buffer containing 5% (w/v) non-fat
milk with Tween 20 for 60 min at room temperature, rinsed three times with TBST for 5 min.
The membranes were incubated with different primary antibodies against Bax, caspase-9, caspase-3,
and Beclin1 (Cell Signaling Technology, Boston, MA, USA) overnight at 4 ◦C; all primary antibodies
were used at a 1:1000 dilution. After being washed three times in TBS, the membrane was incubated
with an appropriately diluted horseradish peroxidase-labeled secondary antibody (1:5000) in blotting
buffer for 30 min. The blots were visualized by enhanced chemiluminescent (ECL). Western blot signals
were exposed to X-ray films and the bands were quantified by Quantity One software. The protein
levels were standardized by comparison with anti-GAPDH antibody.

5.8. Statistical Analysis

All experiments were performed in three independent trials, each of which included three
replications. Experimental data were presented as the mean and standard deviations. SPSS18.0 software
(IBM, Armonk, NY, USA) was used to analyze the experimental data, and the t-test was used to
compare the differences between two groups. p < 0.05 was considered to be statistically significant
between two groups.
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Abstract: In trichothecene-producing fusaria, isotrichodermol (ITDol) is the first intermediate with
a trichothecene skeleton. In the biosynthetic pathway of trichothecene, a 3-O-acetyltransferase,
encoded by Tri101, acetylates ITDol to a less-toxic intermediate, isotrichodermin (ITD). Although
trichothecene resistance has been conferred to microbes and plants transformed with Tri101, there
are no reports of resistance in cultured mammalian cells. In this study, we found that a 3-O-acetyl
group of trichothecenes is liable to hydrolysis by esterases in fetal bovine serum and FM3A cells.
We transfected the cells with Tri101 under the control of the MMTV-LTR promoter and obtained a cell
line G3 with the highest level of C-3 acetylase activity. While the wild-type FM3A cells hardly grew
in the medium containing 0.40 μM ITDol, many G3 cells survived at this concentration. The IC50

values of ITDol and ITD in G3 cells were 1.0 and 9.6 μM, respectively, which were higher than the
values of 0.23 and 3.0 μM in the wild-type FM3A cells. A similar, but more modest, tendency was
observed in deoxynivalenol and 3-acetyldeoxynivalenol. Our findings indicate that the expression of
Tri101 conferred trichothecene resistance in cultured mammalian cells.

Keywords: trichothecene; biosynthetic pathway; acetyltransferase; deacetylase; deoxynivalenol;
3-acetyldeoxynivalenol; isotrichodermol; isotrichodermin

Key Contribution: This is the first study to demonstrate that transfection of Tri101 encoding
trichothecene 3-O-acetyltransferase confers resistance to trichothecenes in mammalian cells. As the
C-3 acetyl group of trichothecenes is liable to be digested by esterases present in cell culture,
the toxicities of 3-O-acetyltrichothecenes may have been overestimated in previous studies.

1. Introduction

Trichothecenes are a group of mycotoxins produced by several filamentous fungi including
Fusarium. They have a trichothecene skeleton of 12,13-epoxytrichothec-9-ene in common, but their
side chain modification greatly varies, resulting in a large difference in their toxicity [1,2]. They exert
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toxicity mainly through the inhibition of protein synthesis in eukaryotes [3]. Some fusaria are notorious
fungi, known to cause Fusarium head blight in important crops.

Based on the biosynthetic pathways, trichothecenes are largely divided into two groups: t-type
trichothecenes, with a modifying group at C-3 position, and d-type trichothecenes, without a
modifying group [4,5]. In the early biosynthetic pathway of trichothecenes, trichodiene is first
synthesized through the cyclization of farnesyl pyrophosphate by Tri5p [6]. Trichodiene is then
oxygenated to isotrichotriol, followed by spontaneous cyclization to produce the following t-type
trichothecenes: Fusarium graminearum produces deoxynivalenol (DON), nivalenol, and their acetylated
forms; Fusarium sporotrichioides produces T-2 toxin, neosalaniol, and diacetoxyscirpenol. On the other
hand, in non-fusaria, including Myrothecium, Trichoderma, Trichothecium, Stachybotrys, and Spicellum [7],
trichodiene is oxygenated to isotrichodiol followed by spontaneous cyclization to produce d-type
trichothecenes. There is another classification method of dividing trichothecenes into four types (A–D)
based on their chemical structures [8]. Type B group is distinguished from type A group by the presence
of a ketone at C-8, and either type is synthesized by both t-type and d-type trichothecene producers.
Type C group, which contains a 7,8-epoxide, and type D group, which contains a macrocyclic ring
between C-4 and C-15, are exclusively produced by d-type trichothecene producers.

In fusaria, the first trichothecene produced is isotrichodermol (ITDol), which is immediately
acetylated at the C-3 position by 3-O-acetyltransferase, Tri101p, into isotrichodermin (ITD) [5,9]. It has
been reported that a 3-acetylated trichothecene is generally less toxic than its corresponding 3-hydroxy
form [10–13]. Hence, it was suggested that Tri101p confers self-resistance to trichothecene produced in
fusaria; indeed, Schizosaccharomyces pombe transformed with the Tri101 gene has been found to be more
resistant to T-2 toxin than the wild type (WT) [5]. So far, Tri101 has been isolated from fusaria, including
F. graminearum and F. sporotrichioides, and their enzyme kinetics have been evaluated extensively [14].

Trichothecenes are phytotoxins and may play a role as a virulence factor that contributes
toxin producers to infect host plants [15–17]. Therefore, in order to combat Fusarium head blight,
researchers have made extensive efforts to examine the effect of the transgenic expression of Tri101 on
trichothecene resistance and Fusarium infection in host cereals [18]. These studies have unequivocally
proved that transgenic tobacco and rice showed improved trichothecene resistance [19,20]. In wheat,
moderate tolerance to Fusarium infection was observed in a field trial [21]. On the contrary, in barley,
deoxynivalenol may not be a virulence factor, and no effect on infection was observed in a field trial [22].
Thus, the gene manipulation of Tri101 has been effective to confer tolerance to trichothecenes in some
host plants, although the effect might be limited.

In contrast to the case with microbes and plants, the effects of trichothecene acetylation at the C-3
position and the transfection of Tri101 into cultured mammalian cells are complicated to understand.
Although there is approximately a 100-fold difference in terms of the in vitro inhibition of protein
synthesis in rabbit reticulocytes between 3-acetylated trichothecenes and their corresponding 3-hydroxy
forms, this difference was reduced to tenfold in terms of the in vivo inhibition of glycoprotein synthesis
in BGK-21 cells [5]. Although it has been reported that a 3-acetyl trichothecene has lower toxicity
than its corresponding 3-hydroxy form [2], there is a conflicting report of 3-acetyl T-2 toxin being
as toxic as T-2 toxin in human cell cultures [23], and, so far, no reports have shown that improved
resistance to trichothecenes is conferred by Tri101 transfection in cultured mammalian cells. Moreover,
it has been reported that the acetyl group at the C-3 position of trichothecene is easily removed in
animal systems [24]. In this way, the toxicity of a C-3 acetyl trichothecene has tended to be inaccurately
estimated by measuring the toxicity of a mixture of C-3 acetyl and C-3 hydroxy trichothecenes.
Therefore, in this study, we attempted to maintain the 3-O-acetyl group attached to the trichothecene
skeleton by the transgenic expression of Tri101 in murine FM3A cells, resulting in a more accurate
evaluation of the toxicity of 3-acetyl trichothecenes. We also examined whether Tri101 transfection into
mammalian cultured cells improves their resistance to 3-hydorxytrichothecenes.
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2. Results and Discussion

2.1. Deacetylation of 3-Acetyldeoxynivalenol (3-ADON) and ITD

Assuming that the acetyl group of 3-acetyltrichothecenes was cleaved to produce more-toxic
3-hydroxytrichothecenes in cytotoxicity and animal studies, we first verified the extent of
the deacetylation of two trichothecenes, 3-ADON, which is an acetylated form of the most
common trichothecene DON, and, ITD, the first acetylated trichothecene produced by Tri101p in
trichothecene biosynthesis.

First, 3-ADON or ITD was added to H2O, 125 mM Tris-HCl buffer (pH 6.5), and RPMI medium
(without any additive), and the solutions were incubated in a CO2 incubator for 48 h. Neither DON nor
ITDol was detected in H2O containing its corresponding 3-acetyltrichothecene, but some deacetylated
forms were detected in both the buffer and the RPMI medium after incubation (Supplementary Table S1),
which suggests that non-enzymatic deacetylation of these 3-acetylated trichothecenes occurred in them.
Next, the actual culture medium for FM3A cells was examined. RPMI medium was supplemented
with antibiotics, sodium pyruvate, β-mercaptoethanol, and deactivated fetal bovine serum (FBS).
Considering the possibility that FBS contained contaminating esterases, we prepared the culture
medium supplemented with non-boiled FBS (designated as N-medium) and boiled FBS (designated
as B-medium). When 3-ADON or ITD was added to the media, the deacetylation rates of these
trichothecenes were much higher in N-medium than B-medium, with ITD being deacetylated more
efficiently than 3-ADON. While up to 96% of ITD was deacetylated to ITDol in the N-medium,
only 4.6% of ITD was deacetylated in the B-medium. These results suggest that FBS contained
broad-substrate-specificity esterases that could be deactivated by boiling, and ITD was more efficiently
deacetylated than 3-ADON by these esterases.

FM3A cells were confirmed to grow in B-medium as normally as in N-medium; thus, the cells
were incubated in B-medium containing 3-ADON or ITD in order to examine the stability of 3-O-acetyl
group of these trichothecenes in a cell culture environment. As shown in Supplementary Table S1,
4.9% and 10.3% of 3-ADON was deacetylated to DON in 3 mL of cell culture medium containing
1 × 105 cells and 6 × 105 cells, respectively, while 17.0% and 39.1% ITD was deacetylated to ITDol,
respectively. These results suggest that FM3A cells themselves contained esterases acting on C-3 of the
trichothecene skeleton.

2.2. Transfection of FM3A Cells and Screening Cell Lines with High Expression of Tri101

First, we confirmed that the growth of FM3A WT cells was completely suppressed in the
N-medium containing 30 μg/mL of blasticidin S and in the B-medium containing 0.1 μg/mL (0.40 μM)
of ITDol. The growth of FM3A transfected with an empty vector was also completely suppressed in
the B-medium containing 0.40 μM of ITDol. Thus, just after transfection of the vector carrying Tri101,
the transformants were screened in N-medium with 60 μg/mL of blasticidin S and, subsequently, with
increasing concentrations of the antibiotic (up to 250 μg/mL). Next, we transferred the screened cells
into B-medium with 0.40 μM of ITDol, followed by B-medium with 0.80 μM of ITDol, in order to screen
the transformants with a high Tri101p activity. Over 100 cell lines that survived the screening process
were then cloned in B-medium containing 0.16 μM of ITDol by limiting dilution. Crude enzyme was
prepared from each clone and the Tri101p activity toward ITDol or DON was initially evaluated by
TLC, followed by HPLC. We selected one cell line, designated as G3, which showed the highest Tri101p
activity. In the absence of the drugs, the growth rate of G3 was comparable to that of the WT cells.

2.3. Acetylase and Deacetylase Activities of Crude Cell Extracts from WT and G3 Cells

Next, we measured the in vitro acetylase activities of WT and the transformant G3 cells by HPLC.
We added 169 μM DON or 200 μM ITDol at a final concentration to the reaction mixture, in order
to measure the approximate Vmax, as these concentrations were much higher than the Km values for
DON and ITDol, 11.7 and 10.2 μM, respectively [14]. The crude enzymes from the WT cells showed no
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acetylase activities toward either substrate, with or without induction by dexamethasone (DEX; an
inducer of transgene expression) (Figure 1, right). In contrast, the crude enzymes from the G3 cells
showed acetylase activities toward both DON and ITDol. As expected, significantly higher acetylase
activities were observed in the crude enzymes from G3 cells pretreated with DEX than in those without
DEX (p < 0.05). This result is consistent with the previous observation that DEX resulted in a two-
to fivefold increase in the levels of expression of a luciferase gene from the mouse mammary tumor
virus-long terminal repeat (MMTV-LTR) promoter in FM3A cells [25]. All the crude enzyme prepared
here showed deacetylase activities toward both 3-ADON and ITD (Figure 1, left).

Figure 1. Acetylase and deacetylase activities of crude enzymes from FM3A cells. Wild-type (WT)
and the transformant (G3) cells were pretreated with or without DEX (dexamethasone) and the crude
enzyme was prepared from the harvested cells. The enzyme reaction was carried out in 200 μL
reaction mixture, with (right) or without (left) 1 mM acetyl CoA, and 10 μg of a trichothecene as a
substrate; 148 μM 3-ADON (3-acetyldeoxynivalenol), 171 μM ITD (isotrichodermin), 169 μM DON
(deoxynivalenol), or 200 μM ITDol (isotrichodermol) at a final concentration. The trichothecene denoted
at the root of the arrows represents the substrate, while the trichothecene at the tip of the arrow is the
product. The percentage reaction rate (%) represents the initial molar ratio of the product over the
added substrate per protein (1.0 mg/mL) in the reaction mixture. The values represent the average
± standard deviation (SD) (n = 3).

2.4. Acquired Trichothecene Resistance in the Cells Transfected with Tri101

After the WT and G3 cells were seeded in the B-medium, the vehicle or ITDol was added to the
culture medium, and the cell numbers were counted on day 3, 5, or 7 (Figure 2). Both WT and G3
cells grew normally until day 3 in the medium containing the vehicle, after which they underwent
apoptosis. In contrast, in B-medium containing 0.40 μM ITDol, almost all the WT cells underwent
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apoptosis by day 3, but G3 cells continued to grow until day 5, after which the cell numbers decreased.
In B-medium containing 0.80 μM ITDol, the G3 cells slowly continued to grow until day 5–7. In the
medium containing a higher concentration of ITDol, even the G3 cells struggled to grow. Thus, it was
concluded that G3 cells had acquired resistance to ITDol. This is the first study reporting that the
transfection of Tri101 into mammalian cells confers resistance to trichothecenes.

Figure 2. Growth of WT and the transformant G3 cells in B-medium containing ITDol. After
pretreatment with DEX, the cells were seeded in 24-well plates, and ITDol solution was added to the
cells. On day 3, 5, and 7, the cells were harvested and diluted with trypan blue solution, and the
number of the live cells were counted. The values represent the average ± SD (n = 3). The numbers of
live cells of G3 which showed statistical differences from those of their corresponding WT are marked
with asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001).

2.5. Cytotoxicity Evaluation of Each Trichothecene in WT and G3 Cells

We performed a water-soluble tetrazolium salts (WST) assay to evaluate the cytotoxicity of
DON, 3-ADON, ITDol, and ITD more accurately, based on the assumption that the cytotoxicity of
3-acetyltrichothecenes had been overestimated in previous studies. First, the half maximal inhibitory
concentration (IC50) values of ITDol and ITD in WT cells were determined using N-medium or
B-medium (Supplementary Figure S1). The observed IC50 values of ITDol and ITD were close when
WT cells were incubated in N-medium (0.19 ± 0.01 and 0.26 ± 0.01 μM, respectively), however, a large
difference was evident when assayed in B-medium (0.20 ± 0.01 and 2.14 ± 0.06 μM, respectively).
The higher sensitivity of cultured mammalian cells to ITD in N-medium seems to be attributed to
the contaminating esterases that act on ITD (Supplementary Table S1), resulting in the formation of
much more toxic ITDol. This observation strongly suggests that without an elaboration to keep the
3-acetyl group attached to the ITDol ring, the toxicity of 3-acetyltrichothecene tends to be overestimated.
Although the apparent IC50 value of 2.14 μM observed for ITD in B-medium could be closer to the
actual IC50 value of intact ITD, this value may in fact be lower than the actual value, as an acetyl
group may not remain attached to the C-3 position of the trichothecene skeleton due to the presence of
intrinsic esterases hydrolyzing the 3-O-acetyl group in cultured mammalian cells (Figure 1, chemical
reactions). Thus, we attempted to measure the concentration of ITDol possibly produced from ITD in
the cell culture medium in this assay; however, ITDol was not detected in our HPLC analysis (limit of
detection; 1.2 μM). As the IC50 value of FM3A cells against ITDol was as low as 0.22 μM (Figure 3),
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ITDol levels below the detection limit possibly affected cell growth. The higher toxicity of ITD may be
explained by the C-3 deacetylation of ITD during the assay.

Next, in order to evaluate cytotoxicity of 3-ADON and ITD more accurately, we determined their
IC50 values using G3 cells expressing Tri101. Figure 3A shows the dose–response cytotoxicity curves
of DON and 3-ADON using WT and G3 cells. In WT cells, the difference in the IC50 values between
DON and 3-ADON was around 12-fold. In G3 cells, all the IC50 values were increased significantly
compared to their corresponding values in WT cells. The IC50 value in G3 cells pretreated with DEX
was slightly higher than that without DEX, and the values were significantly different in DON, but not
in 3-ADON. No significant difference was observed in the IC50 value of these trichothecenes in WT
cells with and without DEX pretreatment. These results indicate that the transformant G3 cells were
more resistant to both DON and 3-ADON than WT cells due to the expression of Tri101 in G3 cells.
As it is likely that the more accurate IC50 of 3-ADON was that of G3 cells treated with DEX (11.68 μM),
this value was significantly higher than that of WT cells (7.09 μM without DEX, 6.45 μM with DEX)
suggesting that cytotoxicity of 3-ADON might be overestimated in previous studies. Here, the IC50 of
3-ADON was at least 21-fold higher than that of DON (0.56 μM) obtained in WT.

The effect of the transgenic expression of Tri101 in G3 was more obvious in the IC50 values of
ITDol and ITD than in those of DON and 3-ADON. Figure 3B presents the result of the WST assay of
ITDol and ITD in WT and G3 cells. In WT cells, the difference of the IC50 values between ITDol and
ITD was 13–16 fold. In G3 cells, without DEX induction, the IC50 values of ITDol and ITD were almost
doubled compared to those in the WT cells. Moreover, with DEX induction, the IC50 values of ITDol
and ITD were three- to fourfold compared with those in the WT cells. This indicates that DEX induced
Tri101 expression, which resulted in the increased acetylation of ITDol to ITD. Thus, the IC50 values of
both ITDol and ITD were almost doubled in G3 cells treated with DEX compared to those without DEX,
and the values were significantly higher in both ITDol and ITD by DEX pretreatment. In WT cells,
no significant increase was observed in the IC50 value of these trichothecenes by DEX pretreatment.
Similar to DON and 3-ADON, a more accurate IC50 of ITD was likely to be that of G3 cells treated with
DEX (9.58 μM), thus, this value was significantly higher than that of WT cells (2.78 μM without DEX,
3.59 μM with DEX), suggesting that cytotoxicity of ITD in previous studies might be overestimated.
It represented an at least 44-fold increase of IC50 value of ITD (9.58 μM), which is supposedly to be
more accurate, compared to that of ITDol obtained in WT (0.21–0.22 μM).

In this study, the level of Tri101 expression was found to affect the IC50 values of trichothecenes
in mammalian transformants. However, the Tri101 expression level may not be sufficient to fully
compete with the C-3 deacetylation activity of strong endogenous esterases. Nevertheless, this study
clearly showed that the 3-acetyl group of 3-O-acetyltrichothecenes could be hydrolyzed enzymatically
in mammalian cells and that their cytotoxicities were overestimated in other studies. The IC50 of
trichothecenes were much lower than the Km of Tri101p against them, making it difficult to completely
acetylate the C-3 of the trichothecenes added to the culture.

This is the first report to unambiguously demonstrate the acquired trichothecene resistance of
cultured mammalian cells transformed with Tri101. These results strongly support the theory that
C-3 acetylation blocks the toxicity of t-type trichothecenes, which serves as a self-defense mechanism
of the producing organisms [5]. In contrast to fungi and plants, the strong C-3 deacetylase activity
of mammalian cells activates 3-acetyltrichothecenes, the toxicity of which has been overestimated in
previous studies.
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Figure 3. The dose–response cytotoxicity curves of the trichothecenes. (A) DON or 3-ADON and
(B) ITDol or ITD was used as a toxin. Cytotoxicity assay of trichothecenes on FM3A cells was carried
out using Cell Counting Kit 8 (CCK-8) reagent in 96-well plates. Cells were pretreated with or without
50 μM DEX. One microliter of a toxin or vehicle was added to 99 μL of cell culture, which was seeded
(5 × 104/mL) one day before. After two days of incubation with a toxin or vehicle, a WST assay was
performed. Growth inhibition (%) was calculated as follows: 100 × {(OD450 of vehicle control − OD450

of background) − (OD450 of trichothecene added − OD450 of background)}/(OD450 of vehicle control −
OD450 of background). The IC50 values represent the average ± standard error.

3. Materials and Methods

3.1. Production and Purification of Trichothecenes

Each trichothecene was obtained from rice medium [26] or rice flour liquid medium [27] inoculated
with F. graminearum: Gibberella zeae JCM 9873 for DON [28] and F. graminearum DSM 4528 for
3-acetyldeoxynivalenol (3-ADON) [29]. Isotrichodermin was obtained from the culture medium of
F. graminearum MAFF 111233 Fgtri11 disruptant (Fgtri11-, NBRC 113181) [27], while ITDol was obtained
by the deacetylation of ITD in 2.8% ammonium solution. For purification, the ethyl acetate extract was
applied to Purif-Rp2 equipped with Purif-Pack SI 30 μm SIZE (Shoko Scientific, Kanagawa, Japan),
and the fraction containing a target trichothecene was concentrated. The concentrate was dissolved
in ethanol and applied to preparative HPLC (UV detection at 254 nm for DON and 3-ADON, and at
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195 nm for ITD and ITDol) equipped with a C18 column (Pegasil ODS SP100 10 ϕ × 250 mm, Senshu
Scientific Co., Ltd., Tokyo, Japan). The concentration of each purified trichothecene was measured by
HPLC equipped with a C18 column (Pegasil ODS SP100 4.6 ϕ × 250 mm) based on the standard curve
previously obtained. The purity of each trichothecene used for the assays was confirmed to be >99%.

3.2. Maintenance of Cultured Cells

FM3A WT cells which were originally established from mammary carcinoma in C3H/He
mouse were purchased from RIKEN BRC (Tsukuba, Japan). Cells were grown in RPMI1640
medium (Nacalai Tesque Co., Inc. Kyoto, Japan) with 10% FBS (Biowest, Nuaillé, France),
penicillin/streptomycin (1000 units/mL each), 1 mM sodium pyruvate, and 50 μM 2-mercaptoethanol,
denoted “N (non-boiled)-medium.” In order to deactivate any contaminating esterases in FBS,
we prepared the same medium with FBS boiled at 100 ◦C for 5 min beforehand, denoted
“B (boiled)-medium.” Cultured cells were incubated in a CO2 incubator (5% CO2, 37 ◦C).

3.3. Evaluation of Stability of 3-Acetyl Trichothecenes

Twenty micrograms of 3-ADON (59.1 nmol) or ITD (68.4 nmol) in ethanol was added into a 6 cm
dish containing 3 mL of water, 125 mM Tris-HCl buffer (pH 6.8), and RPMI1640 medium without any
supplements. Each solution was incubated in a CO2 incubator (5% CO2, 37 ◦C) for 48 h. Similarly, 3 mL
of the N-medium and B-medium containing 10 μg of 3-ADON (29.6 nmol) or ITD (34.2 nmol) was
incubated in a CO2 incubator for 48 h. We also prepared FM3A WT cells (3.3 × 104/mL or 2 × 105/mL)
in 3 mL B-medium supplemented with 10 μg of 3-ADON or ITD. After 48 h, each solution or medium
was extracted with the same volume of ethyl acetate twice. The extract was dried up under an N2

stream and resuspended in 200 μL ethanol. These concentrating steps were necessary for detection of
the mycotoxins. The filtered samples were subjected to HPLC.

3.4. Plasmid Construction

Tri101 was excised from pCold-His-TRI101 [30] by double digestion with NdeI and EcoRI.
The NdeI–EcoRI fragment was cloned into the corresponding sites of pColdIII-NFH (Supplementary Figure
S2). The Tri101 sequence, N-terminally fused with a FLAG-HA tag, was amplified by PCR from the resulting
plasmid using primers FLAG-HA-Tri101F_NheI (5′-AAAAGCTAGCATGGACTACAAGGACGACGAT-3′)
and FLAG-HA-Tri101R_XhoI (5′-AAAACTCGAGCTAACCAACGTACTGCGCATA-3′). After double
digestion with NheI and XhoI, the PCR product was inserted between these sites downstream of a MMTV-LTR
promoter in pMAM2BSD [25], yielding a DEX-inducible Tri101 expression vector, pMAM2BSD_FH_Tri101.

3.5. Transfection of FM3A Cells and Selection of Transformants

The plasmid pMAM2BSD_FH_Tri101 or pMAM2BSD was transfected into FM3A cells using
Lipofectamine® 2000 reagent (Thermo Fisher Scientific, Waltham, MA, USA) following the
manufacturer’s instructions. Plasmid DNA (5 μg) was diluted in 100 μL Opti-MEM medium without
FBS. Five microliters of Lipofectamine® 2000 was diluted in 100 μL of Opti-MEM medium and left for
5 min. Diluted plasmid DNA and Lipofectamine were mixed gently and left for 20 min and added to
FM3A cells (7~10 × 105/3 mL).

Transfected cells were incubated for one day before being transferred to N-medium containing
60 μg/mL of blasticidin S (Fujifilm Wako Pure Chemical Co., Osaka, Japan). During selection,
the concentration of blasticidin S was increased to 250 μg/mL over one month. For the next selection
step, the cells were transferred to B-medium containing 50 μM DEX and 0.1 μg/mL (0.4 μM) ITDol.
The ITDol concentration was increased to 0.2 μg/mL (0.8 μM) over three weeks. The selected
transformants (>100 cell lines) were cloned using limited dilution methods in B-medium containing
50 μM DEX and 0.04 μg/mL ITDol (0.16 μM). After limited dilution, both DEX and ITDol were
removed from the medium. Among the survived transformants in this condition, the cell line whose
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crude enzyme showed the highest 3-O-acetyltransferase activity was chosen and designated as G3.
Measurement of activities of prepared crude enzymes was performed as described below.

3.6. Preparation and Reaction of Crude Enzymes from Cultured Cells

Wild-type FM3A cells and the selected transformants were seeded (10 mL aliquots of cell
suspension at 1 × 104/mL). After a three-day incubation period, DEX (50 μM at final concentration) was
added for the induction of Tri101 expression in the transformed cells, and for comparison, in WT cells.
In parallel, the carrier solvent (10% dimethylsulfoxide [DMSO]; 0.1% DMSO at a final concentration)
was added to these cells. Once the cells became semi-confluent, these were harvested and washed
twice in 2 mL PBS. The washed cells were suspended in 500 μL of 125 mM Tris-HCl buffer (pH 6.8)
and sonicated. After centrifugation (13,000 rpm at 4 ◦C for 5 min), the supernatant was subjected to a
protein quantitation assay (PierceTM BCA protein assay kit, Thermo Fisher Scientific). The resulting
crude enzyme fraction was assayed for modification activity against C-3 of the trichothecene skeleton.

To initiate the reaction, 100 μL of the crude enzyme (with a protein concentration around
1.0 mg/mL) was mixed with 100 μL of substrate solution, which contained a 3-hydroxy (169 μM DON
or 200 μM ITDol) or 3-acetyl (148 μM 3-ADON or 171 μM ITD) trichothecene in 125 mM Tris-HCl
buffer (pH 6.5), respectively, with or without 1 mM acetyl CoA. We used rTRI101 from Escherichia coli
(BL21 (DE3)-pColdIII-Tri101) (1 mg/mL) [30] as a positive control and boiled rTRI101 as a negative
control. Each enzyme assay was performed in triplicate. The mixture was incubated for 3 h at 37 ◦C
and the reaction was terminated by adding 200 μL of ethyl acetate. Trichothecenes were extracted with
ethyl acetate three times, concentrated under N2, resuspended in the appropriate amount of ethanol,
and subjected to TLC and HPLC analysis.

3.7. TLC and HPLC Analysis

The trichothecenes in each sample were detected roughly by TLC and the concentration of each
trichothecene was precisely measured by HPLC. The samples dissolved in ethanol were applied to TLC
plates (Merck, Darmstadt, Germany) and developed with ethyl acetate/toluene (3:1). Trichothecenes on
TLC plates were visualized using the 4-(p-nitrobenzyl)pyridine-tetraethylenepentamine method [31].

For HPLC analysis, the samples dissolved in ethanol were filtered, and 10 μL was applied to
HPLC (LC-2000 plus; Jasco, Tokyo, Japan) loaded with a C18 reverse-phase column (4.6 ϕ × 250 mm,
PEGASIL ODS SP100). Trichothecenes were eluted with a mobile phase of acetonitrile and water,
according to the following steps: for DON and 3-ADON, 20% acetonitrile for 6 min, a linear gradient of
20%–50% acetonitrile for 9 min, 50% acetonitrile held for 6 min, then 20% acetonitrile held for 10 min;
for ITDol and ITD, 20% acetonitrile for 6 min, a linear gradient of 20%–100% acetonitrile for 16 min,
100% acetonitrile held for 3 min, then 20% acetonitrile held for 10 min. Deoxynivalenol and 3-ADON
were detected at 254 nm, while ITDol and ITD were detected at 195 nm. The molar concentration of
each trichothecene was calculated from the peak area, based on the previously obtained standard curve.

3.8. Toxicity Evaluation of Trichothecenes

In order to evaluate the effect of Tri101 gene transfection into FM3A cells, we counted the number
of live WT and G3 cells, to which ITDol had been added beforehand. First, the cells were seeded at
5 × 104/mL in B-medium and were treated with 50 μM DEX. After one day of incubation, 1 mL of
the cells were transferred to a 24-well plate and ITDol (0, 0.4, 0.8, 1.6, 4.0, or 8.0 μM ITDol in 0.1%
DMSO at a final concentration) was added and incubated for 3, 5, or 7 days in a CO2 incubator at
37 ◦C. The cells were carefully harvested and centrifuged (300× g, 5 min, 25 ◦C). The precipitated cells
were then tapped gently, and the appropriate amount of medium was added. The cell suspension was
diluted twofold with 0.5% trypan blue (Nacalai Tesque) and only the live cells were counted.

For the cytotoxicity evaluation, colorimetric cell viability assays using WST-8 were performed.
Each trichothecene was prepared in 50% DMSO as follows: for DON, 0, 0.0034, 0.010, 0.034, 0.10, 0.34,
1.0, or 2.0 mM (0, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, or 0.6 mg/mL); for 3-ADON, 0, 0.030, 0.089, 0.30,
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0.89, 3.0, 8.9, or 30 mM (0, 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, or 10.0 mg/mL); for ITDol, 0, 0.004, 0.008, 0.016,
0.040, 0.080, 0.16, or 0.40 mM (0, 0.001, 0.002, 0.004, 0.01, 0.02, 0.04, or 0.10 mg/mL); for ITD, 0, 0.0068,
0.014, 0.034, 0.068, 0.14, 0.34, 0.68, 1.4, 3.4, or 6.8 mM (0, 0.002, 0.004, 0.01, 0.02, 0.04, 0.1, 0.2, 0.4, 1.0,
or 2.0 mg/mL). Wild-type or G3 cells were suspended at a cell density of 5 × 104/mL in B-medium
with or without 50 μM DEX and incubated for one day. Into each well of 96-well plates, 99 L of cell
suspension was seeded and 1 μL of each trichothecene prepared above or 50% DMSO (vehicle) was
added in triplicate. The cells were incubated for 48 h in a CO2 incubator. Into each well, 10 μL of Cell
Counting Kit (CCK)-8 solution (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was added,
and the microtiter plate was incubated for 3 h at 37 ◦C. OD450 was measured using a MultiskanTM

FC plate reader (Thermo Fisher Scientific), and growth inhibition (%) caused by each trichothecene
was calculated.

3.9. Statistical Analysis

Statistical analysis was performed using Student’s t-test. Regarding the calculation and
statistical analysis of IC50 values, log-logistic model was applied using R version 3.5.0 (R project for
statistical computing).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/11/654/s1,
Table S1: The rate of deacetylation of 3-ADON and ITD under various conditions, Figure S1: The dose–response
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Abstract: Feed samples are frequently contaminated by a wide range of chemically diverse natural
products, which can be determined using highly sensitive analytical techniques. Next to already
well-investigated mycotoxins, unknown or unregulated fungal secondary metabolites have also
been found, some of which at significant concentrations. In our study, 1141 pig feed samples were
analyzed for more than 800 secondary fungal metabolites using the same LC-MS/MS method and
ranked according to their prevalence. Effects on the viability of the 28 most relevant were tested
on an intestinal porcine epithelial cell line (IPEC-J2). The most frequently occurring compounds
were determined as being cyclo-(L-Pro-L-Tyr), moniliformin, and enniatin B, followed by enniatin B1,
aurofusarin, culmorin, and enniatin A1. The main mycotoxins, deoxynivalenol and zearalenone, were
found only at ranks 8 and 10. Regarding cytotoxicity, apicidin, gliotoxin, bikaverin, and beauvericin
led to lower IC50 values, between 0.52 and 2.43 μM, compared to deoxynivalenol (IC50 = 2.55 μM).
Significant cytotoxic effects were also seen for the group of enniatins, which occurred in up to 82.2% of
the feed samples. Our study gives an overall insight into the amount of fungal secondary metabolites
found in pig feed samples compared to their cytotoxic effects in vitro.

Keywords: Fusarium; Aspergillus; Penicillium; Alternaria; fungi; emerging mycotoxin; in vitro; IPEC-J2;
occurrence data

Key Contribution: Less investigated fungal compounds were found more frequently and in higher
concentrations in pig feed samples than regulated mycotoxins. Furthermore, some of them cause
stronger cytotoxic effects than deoxynivalenol in vitro.

1. Introduction

Mycotoxins are described as secondary fungal metabolites produced by filamentous fungi in the
field, and during storage and transportation under appropriate conditions. The main fungal species
Fusarium, Alternaria, Aspergillus, and Penicillium possess a remarkable potential to produce a wide
range of metabolites. Researchers assume that around 38% of the known 22,630 microbial products are
of fungal origin; however, the exact number is the still subject of research [1].

The European Food Safety Authority (EFSA) set maximum allowed concentration levels or
guidance values for some of these metabolites called “regulated mycotoxins” [2]. These include
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aflatoxins, deoxynivalenol, HT-2/T-2 toxins, zearalenone, fumonisins, and ochratoxin A, which have
been proven to cause detrimental effects in humans and animals. Some other fungal metabolites are
so-called “emerging mycotoxins” and are claimed to be metabolites for which no guidance values
exist yet. Scientific opinions and risk assessments have only been published for aflatoxin precursors
(such as sterigmatocystin), ergot alkaloids, enniatins, beauvericin, and moniliformin so far [3–6].
However, for many other fungal metabolites, only a few, contradictory studies are available [7–9].
One reason for the underestimation of their potential threat might be the limited knowledge about
their prevalence. Because of the continuous development of LC-MS/MS (liquid chromatography
tandem mass spectroscopy) methods, a more sensitive detection of a wide range of secondary fungal
metabolites in feed and food matrixes is now available [10]. Furthermore, studies indicate that climatic
change might affect mycotoxin production patterns, leading to an increase in the emerging mycotoxin
level [11,12]. In 2013, Streit et al. [13] published data on the Fusarium metabolites beauvericin, enniatins,
aurofusarin, and moniliformin, which occur in 98%, 96%, 84%, and 76% of 83 analyzed feed samples,
respectively. In the same study, the well-investigated mycotoxins deoxynivalenol (89%), zearalenone
(87%), and fumonisins (22%) were additionally found in the analyzed samples. Besides, metabolites
produced by Alternaria spp. were detected in many of the analyzed feed samples (e.g., alternariol,
80%; alternariol monomethyl ether, 82%; tenuazonic acid, 65%; and tentoxin, 80%). Although further
publications revealed higher occurrences and concentrations of uncommon mycotoxins, they were
limited to specific geographic regions and feed commodities [14–18].

The aim of this study was, first, to provide a complete picture of the effects of 28 chemically
diverse fungal metabolites on the cell viability of an intestinal porcine epithelial cell line (IPEC-J2),
and second, to compare the tested concentrations with the actual values found in pig feed samples
worldwide. The cell line IPEC-J2 was chosen as an optimal test model since the intestine is the first
target after ingesting mycotoxin-contaminated feed and most of the metabolites are absorbed in the
jejunum [19]. The selection of fungal metabolites to be tested was mainly based on their relevance and
occurrence in pig feed samples obtained from the BIOMIN mycotoxin survey program, conducted in
the years 2014 to 2019. Here, the most relevant metabolites were Fusarium-derived compounds, such as
enniatins, beauvericin, moniliformin, culmorin, fusaric acid, etc., but also many compounds produced
by the genera Alternaria, Penicillium, and Aspergillus were evaluated. Cytotoxicity studies for selected
metabolites are available for different cell types [9,20–23], but here we compared, for the first time,
the in vitro effects of 28 metabolites taken from occurrence data of 1141 pig feed samples analyzed
with the same analytical method [18].

2. Results

2.1. Occurrence Data

The challenge of collecting and analyzing manifold feed samples from all over the world is not
only a logistical one, but is mainly found in trying to measure the samples with the same analytical
method, limits of detection (LOD), and performance parameters at the same instrument [11] to achieve
comparable results. Therefore, BIOMIN started a unique global mycotoxin survey including samples
from 44 countries, obtained between February 2014 and February 2019, where 4978 feed samples were
analyzed for more than 800 different metabolites using a multi-analyte LC-MS/MS-based method [24].
For our study, we selected 1141 out of the 4978 feed samples that were only intended for swine nutrition.

Secondary Fungal Metabolites in Finished Pig Feed Samples

Analyzed pig feed samples were taken as described in Section 5.3.2. and evaluated according
to the method of Malachová et al. [24]. The list of analytes in this method has increased over recent
years and covers now more than 800 metabolites. The most frequently occurring secondary fungal
metabolites of 34 emerging and masked mycotoxins, as well as regulated mycotoxins in samples
from 44 different countries, are summarized in Table 1. Twenty-eight metabolites, which are not
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regulated yet or are defined as an “emerging mycotoxin” [25], were selected to be tested for their
effects on the viability of an intestinal porcine epithelial cell line (IPEC-J2). Gliotoxin and patulin
were added to these tests because of their previously described harmful effects, making novel data
beneficial for the scientific community [26,27]. The uncommon metabolites 15-hydroxy-culmorin,
infectopyron, and asperglaucide could not be tested because authentic analytical standards were not
commercially available. The prevalence (%), mean, median, and maximum concentrations (in μg/kg)
for each compound are summarized in Table 1. In the following section, the focus lies only on the
median and maximum concentrations for better legibility.

A ranking according to the prevalence of the main 34 secondary fungal metabolites as shown
in Table 1 indicates that the cyclic dipeptide cyclo-(L-Pro-L-Tyr) was most frequently found with an
occurrence of 87.6% and a maximum concentration of 34,910 μg/kg; followed by moniliformin (82.6%)
and enniatin B (82.2%). Even though the median concentrations of the latter two were only 17 and
30 μg/kg, individual samples reached levels of up to 2053 μg/kg and 1514 μg/kg, respectively. In 82.1%
of all pig feed samples, enniatin B1 had similar concentrations as enniatin B (max. 1846 μg/kg; median
34 μg/kg). Two other common enniatins, enniatin A1 and A, were found in 77.4% and 49.5% of all
samples, albeit at lower concentrations compared to the B analogues (B and B1). Additionally, samples
were vastly contaminated with the Fusarium metabolites aurofusarin and culmorin, which were
identified in approximately 909 feed samples (79%), with median concentrations of 210 μg/kg and
118 μg/kg, which was comparable to the median concentration of deoxynivalenol (DON) with 193 μg/kg
measured in 879 feed samples (77%). This contrasts with the maximum measured concentrations
found for aurofusarin (85,360 μg/kg) and culmorin (157,114 μg/kg), while only 34,862 μg/kg for DON
was detected. The second regulated mycotoxin on our list was zearalenone (ZEN), which was found
at rank 10 with a prevalence of 73.3% and a median concentration of 18 μg/kg. Another uncommon
metabolite, which was determined in 75.4% of all samples, was tryptophol, which was thus positioned
before ZEN in the ranking according to prevalence. About 69% of the samples were positive for the
hexadepsipeptide beauvericin (BEA) with a median concentration of only 6 μg/kg. Individual samples
were contaminated with a maximum concentration of 413 μg/kg BEA.

Mainly unexpected compounds, such as emodin, brevianamid F, equisetin (EQUI),
and cyclo-(L-Pro-L-Val), were found at the prevalence ranking positions of 13, 15, 16 and 34, respectively.
These were nevertheless detected in about 70, 69, 64 and 62% of all feed samples, respectively, relating
to 799, 787, 730 and 707 feed samples, respectively, out of a total of 1141. Compounds found
to a lesser extent were Alternaria metabolites, such as tenuazonic acid (55.0%), alternariol (50.7%),
alternariol monomethyl ether (40.3%), and tentoxin (37.3%). Another group of detected metabolites was
produced by Aspergillus and/or Penicillium spp., but also by some Fusarium species, and these included
3-nitropropionic acid (3-NP), apicidin (API), kojic acid, bikaverin, fusaric acid, and mycophenolic acid.
While 3-NP and API were found in 56.5% and 52.2% of samples, respectively, the others were detected
in ≤33.7% feed samples.

Other regulated mycotoxins, such as fumonisin B1, ochratoxin A, and aflatoxin B1, did not occur
frequently or in high concentrations in pig feed samples. These metabolites were determined in only
43% (median 82.7 μg/kg), 5% (median 2.6 μg/kg), and 3% (median 2.0 μg/kg) of all samples, respectively
(data not shown). The mycotoxins gliotoxin and patulin, relevant due to their toxicity, scarcely occurred
(0.2%) or could not be detected (<LOD) in these pig feed samples.
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Table 1. Summary of 34 secondary fungal metabolites ranked according to their prevalence with mean,
median, and maximum concentration, measured in 1141 finished feed samples for swine obtained from
February 2014 to February 2019 using a multi-analyte LC-MS/MS-based method.

Rank Metabolite
Mean

Concentration
Median

Concentration
Maximum

Concentration
Prevalence

1 Cyclo-(L-Pro-L-Tyr) 321 105 34,910 87.6%

2 Moniliformin, t >
2.0 ppb 66 17 2053 82.6%

3 Enniatin B 73 30 1514 82.2%
4 Enniatin B1 78 34 1846 82.1%
5 Aurofusarin 932 210 85,360 80.7%
6 Culmorin 905 118 157,114 79.7%
7 Enniatin A1 30 14 549 77.4%

8 Deoxynivalenol, t >
1.5 ppb 634 193 34,862 77.0%

9 Tryptophol 291 138 10,270 75.4%
10 Zearalenone* 126 18 9905 73.3%
11 15-Hydroxy-culmorin* 468 152 19,320 73.2%

12 Beauvericin, t >
2.0 ppb 17 6 413 68.7%

13 Emodin 17 4 591 69.3%
14 Infectopyron* 983 294 66,094 65.9%
15 Brevianamid F 44 25 1170 65.2%
16 Equisetin 50 11 6120 64.2%
17 Cyclo-(L-Pro-L-Val) 187 71 5042 62.1%

18 DON-3-glucoside*, t >
15.0 ppb 74 22 2741 62.8%

19 Asperglaucide* 113 31 6232 61.8%

20 Nivalenol*, t >
15.0 ppb 65 31 1143 56.7%

21 3-Nitro-propionic acid 16 6 509 56.5%
22 Tenuazonic acid 255 82 9910 55.0%
23 Apicidin 22 8 1568 52.2%
24 Alternariol 17 4 2508 50.7%
25 Enniatin A 7 3 307 49.5%

26 Alternariol
monomethyl ether 6 3 208 40.3%

27 Tentoxin 8 3 157 37.3%
28 Kojic acid 192 78 3030 33.7%
29 Bikaverin 58 19 1564 29.8%
30 Fusaric acid 333 81 5566 13.0%
31 Mycophenolic acid 39 8 1178 13.1%
32 Rubrofusarin 199 38 1696 2.3%
33 Gliotoxin 5 5 6 0.2%
34 Patulin <LOD <LOD <LOD n.a.

Concentrations in μg/kg. * = not tested in vitro (lack of availability or known as regulated or masked mycotoxin).
If not otherwise stated, a threshold (t) of >1.0 μg/kg or >LOD (limit of detection) was established.

182



Toxins 2019, 11, 537

As seen in Figure 1, 77.7% of the obtained samples had their origin in Europe, mainly from
Germany (22.4%), Denmark (15.3%), and Austria (14.1%). Few samples came from other parts of the
world, such as Central and South America (9%), Russia and Asian countries (5.6%), North America
(3.5%), and Africa (2.4%). The analyzed feed samples obtained from Australia (0.6%) were marginal.
Thirteen samples (1.1%) could not be assigned to a specific country. It can thus be stated that the
picture of the occurrence primarily reflected the situation of Central Europe, since no major changes
were seen in the ranking when samples from the other countries were excluded from the analysis.

 
Figure 1. Origin of 1141 pig feed samples obtained from different parts of the world.

2.2. Cell Viability after 48 h Toxin Treatment

The cell viability of intestinal porcine epithelial cells (IPEC-J2) was assessed after an incubation
of 48 h with the respective metabolite in concentrations of up to 150 μM. Absolute and relative IC50

values were calculated. Deoxynivalenol (DON) (Figure 2A) was included in the test system as an
internal standard to have comparable values representing a well-investigated mycotoxin. DON had
already reduced the cell viability to 78.8% at 1.25 μM, resulting in absolute and relative IC50 values
of 2.55 μM and 1.88 μM, respectively. The 28 tested fungal metabolites are listed according to their
calculated absolute IC50 value, starting from the strongest (for 11 metabolites, relative and absolute
IC50 value could be calculated) over moderate (for 5 metabolites, only a relative IC50 value could be
calculated) to no cytotoxicity (for 12 metabolites, IC50 calculation was not possible). Apicidin was the
metabolite that showed the strongest cytotoxic effect with an absolute IC50 value of 0.52 μM (relative
0.49 μM), followed by gliotoxin, bikaverin, beauvericin, and patulin. For all tested metabolites except
enniatin B, the calculated relative IC50 value was lower than the absolute IC50 value (Figure 2).
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Figure 2. Viability (%) after 48 h of incubation with deoxynivalenol (A), apicidin (B), gliotoxin
(C), bikaverin (D), beauvericin (E), and patulin (F) (tested at (0.156–20 μM)); except for apicidin
(0.0049–5 μM)) of confluent intestinal porcine epithelial cells (IPEC-J2). Data represent mean ±
standard deviation.

The next six fungal metabolites that showed a strong cytotoxic effect are presented in Figure 3.
The four enniatins B, A, B1, and A1 showed similar absolute IC50 values of 3.25 μM, 3.40 μM, 3.67 μM,
and 4.15 μM, respectively. Aurofusarin was less toxic, resulting in an absolute IC50 value of 11.86 μM.
Although emodin was tested at higher concentrations, viability did not further decrease at concentrations
>50 μM. Hence, IC50 values of 18.71 μM (absolute) and 13.09 μM (relative) were calculated.
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Figure 3. Viability (%) after 48 h of incubation of enniatin B (A), enniatin A (B), enniatin B1 (C), enniatin
A1 (D), aurofusarin (E), and emodin (F) (tested at (0.156–20 μM), except for emodin (0.625–150 μM)) of
confluent intestinal porcine epithelial cells (IPEC-J2). Data represent mean ± standard deviation.

Assessment of the following five fungal metabolites resulted in moderate cytotoxicity on IPEC-J2,
as relative, but no absolute, IC50 values could be calculated (Figure 4). Examination of the effects of
equisetin was only possible up to a concentration of 20 μM, leading to a decreased viability of 64.0%
(±7.6%). The other fungal metabolites seen in Figure 4 (B–E) were tested in a concentration range of
0.625 to 150 μM. The Alternaria metabolites tenuazonic acid (B) and alternariol (C) showed similar
effects of reducing cell viability starting at 20 μM (76.2% and 76.3%), resulting in relative IC50 values of
20.88 μM and 20.26 μM. However, despite increased concentrations being used, viability remained
around 50%. Rubrofusarin (D) reduced viability started at 50 μM (64.0 ± 8.7%) with a calculated
relative IC50 value of 21.54 μM. Interestingly, mycophenolic acid (E) led to an abrupt decreased viability
(26.1% ± 12.1%) at very low concentrations (0.156 to 1.25 μM), but no further loss in viability was
determined at concentrations from 2.5 to 150 μM.
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Figure 4. Viability (%) after 48 h of incubation with mycophenolic acid (A) (0.156–150 μM), equisetin
(B) (0.156–20 μM), alternariol (C), tenuazonic acid (D), and rubrofusarin (E) ((0.156–150 μM) for C–E)
of confluent intestinal porcine epithelial cells (IPEC-J2). Data represent mean ± standard deviation.

For the following twelve fungal secondary metabolites, shown in Figures 5 and 6, no reduced cell
viability was seen, and hence, no IC50 calculation was possible.
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Figure 5. Viability (%) after 48 h of incubation with culmorin (A), moniliformin (B), roquefortine
C (C), tentoxin (D) ((0.156–20 μM) for A–D), alternariol monomethyl ether (E), and kojic acid (F)
((0.625–150 μM) for E–F) of confluent intestinal porcine epithelial cells (IPEC-J2). Data represent mean
± standard deviation.
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Figure 6. Viability (%) after 48 h of incubation with cyclo-(L-Pro-L-Tyr) (A), cyclo-(L-Pro-L-Val) (B),
tryptophol (C), 3-nitropropionic acid (D), and brevianamid F (E), and fusaric acid (F) ((0.625–150 μM) for
A–F) of confluent intestinal porcine epithelial cells (IPEC-J2). Data represent mean± standard deviation.

An overview of the obtained IC50 values (in μM and μg/kg) for the 16 secondary fungal metabolites
with strong and moderate effects on viability is presented in Table 2, together with their median and
maximum concentrations in μg/kg found in 1141 pig feed samples.
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Table 2. List of absolute and relative IC50 values in μM (left columns) and in μg/kg (middle
columns), compared to median and maximum concentration in μg/kg (right columns) ranked according
their cytotoxicity.

Rank Fungal Metabolite
IC50 Value (μM) IC50 Value (μg/kg) Occurrence

Absolute Relative Absolute Relative Median (μg/kg) Maximum (μg/kg)

1 API 0.52 0.49 324 306 8 1568
2 GLIO 0.64 0.63 209 206 5 6
3 BIK 1.86 0.75 711 287 19 1564
4 BEA 2.43 2.24 1905 1756 6 413

Control DON 2.55 1.88 756 557 193 34,862
5 PAT 3.21 3.18 495 490 <LOD <LOD
6 EnnB 3.25 3.49 2079 2233 30 1514
7 EnnA 3.40 2.88 2319 1964 3 307
8 EnnB1 3.67 2.69 2400 1759 34 1846
9 EnnA1 4.15 3.22 2772 2151 14 549
10 AUR 11.86 9.34 6766 5329 210 85,360
11 EMO 18.71 13.09 5056 3537 4 591
12 MPA nc 0.53 nc 170 8 1178
13 EQUI nc 11.03 nc 4120 11 6120
14 ALT nc 20.26 nc 5232 4 2508
15 TeA nc 20.88 nc 4761 82 9910
16 RUB nc 21.54 nc 5865 38 1696

nc = not calculable.

3. Discussion

Twenty-eight fungal metabolites plus DON were assessed for their effects on the viability of
intestinal porcine epithelial cells (IPEC-J2) in comparison to their prevalence in 1149 analyzed pig feed
samples. The strength of our study is that analytical measurements were performed by using one
single LC-MS/MS multi-mycotoxin method, as well as the same cell line and viability assay, for all
samples to achieve comparable data [24]. A general problem with global mycotoxin occurrence data is
usually the difference in methodologies, which make a comparison of concentrations challenging due to
different limits of detection (LODs), sample extractions, and performance parameters [11]. Research on
toxicology and occurrence of emerging mycotoxins is still scarce, although it has been steadily rising
during the past few decades. This can partly be explained by the fact that the sensitivity and potential
of LC-MS-based methods have been improved by analyzing hundreds of metabolites simultaneously,
as well as by lower detection limits [24]. Furthermore, tremendous climatic abnormalities in some
parts of the world favor an increasing formation of uncommon fungal metabolites [12]. Even though
not all the detected metabolites might be relevant regarding food and feed safety, the abundance and
co-occurrence of those compounds in different feed matrixes might pose a certain risk to susceptible
animals. IPEC-J2 provides an optimal in vitro model, as swine is considered as the most sensitive species
regarding mycotoxicosis [28]. This non-transformed cell line is isolated out of jejunal epithelial cells,
in which the absorption of nutrients and other compounds mainly takes place. Furthermore, it possesses
strong morphological and functional similarity to intestinal epithelial cells in vivo [29,30] compared
to cancer cell lines such as Caco-2 and HT-29 cells. For in vitro experiments, we decided to test
concentrations of up to 150 μM or, in order not to exceed a solvent concentration of 1%, the highest
possible test concentration. A solvent concentration of 1% did not negatively influence viability in our
test system (data not shown). For our study, we have chosen to discuss the absolute IC50 value, as this
value is representative for the concentration, where the half-maximal inhibitory concentration was
calculated. As described by Sebaugh [31], when the response of more than two assay concentrations is
above 50%, the calculation of the relative IC50 value would be ambiguous. Furthermore, the calculation
of the relative IC50 value uses the top and bottom plateau, even when values do not reach 50% viability.
Therefore, those IC50 values would result in false positive results. Mycophenolic acid (MPA) is a
representative example, as viability was never lower than 66%; however, a relative IC50 value of
0.543 was calculated, making this toxin one of the most toxic in our ranking. The calculation for the
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absolute IC50 value was not possible for this toxin, and therefore, the calculation of the absolute IC50

values was used, first, because it was more accurate, second, only with this value were we able to rank
these fungal metabolites according to their toxicity, and third, for reflecting a realistic scenario. For the
sake of completeness, both IC50 values are shown if calculation was possible. For comparison with the
occurrence data, maximum and median concentrations are used, as the median concentration seems to
be a more accurate measure of central tendency because of a generally skewed data distribution.

Deoxynivalenol (DON) was included in our study as a comparable internal reference toxin since it
is well investigated and manifold deleterious effects of DON are known, as summarized in the review
by Pestka [32]. For DON, an IC50 concentration of 2.55 μM (= 756 μg/kg) was calculated, whereas a
median concentration of 193 μg/kg was found in swine feed. Although the detected concentration was
lower than the determined IC50 value, it is known that in particular chronic low doses of DON lead
to immune dysregulation, growth retardation, and impaired reproduction [32]. This is of increased
importance because the bioavailability for DON after oral administration is 98.6% ± 23.6% in pigs [33].
This might also be true for other metabolites, but neither feeding trial nor bioavailability studies
have been conducted for most of them. Therefore, the choice of in vitro concentrations is challenging.
Stability and retention time in the gastrointestinal tract (GIT) have not been sufficiently researched.
Thus, an accumulation of metabolites in the GIT by ingesting chronic low concentrations is very likely
and we tried to test a broad concentration range up to 150 μM, if possible.

Apicidin (API), only discovered in the year 1996 and isolated from Fusarium spp., showed the
strongest cytotoxicity in our test system (IC50 of 0.52 μM = 324 μg/kg). This is in accordance with a
study on other cell lines, reporting an IC50 concentration of 0.16 to 3.8 μM on cell proliferation [34].
Furthermore, this compound possesses antiprotozoal activity [35] and causes toxic effects in rats
leading to death at levels of 0.05 and 0.1% [36]. Although the measured median concentration
in feed samples was rather low (8 μg/kg), API was found in more than half of the samples and
individual samples reached concentrations of up to 1568 μg/kg. Streit et al. [13] detected a maximum
concentration of 160 μg/kg in 66% positively tested samples, but additional occurrence studies are
missing. The second-ranked cytotoxic compound was gliotoxin (GLIO) with an IC50 value of 0.64 μM (=
209 μg/kg). This Aspergillus fumigatus metabolite hardly occurs in swine feed, but was detected in corn
silage used as cattle feedstuff [37]. GLIO has been reported to cause immunosuppressive, genotoxic,
apoptotic, and cytotoxic effects determined in a rat intestinal cell line (IEC-6), in hamster ovary cells
(CHO), and in mouse macrophages (RAW264.7) [38,39], and might pose a risk for other animal species
that are frequently exposed to this mycotoxin. Literature about the effects and occurrence of our
third-ranked toxic compound bikaverin (BIK) is scarce. It is reported as a red pigment produced by
different Fusarium spp. with antibiotic and antibacterial properties [40,41]. A study from 1975 reported
its cytotoxicity against three different cancer cell lines, leading to ED50 values of 0.5–4.2 μg/mL
(1.31–10.99 μM) [42], which is comparable with our IC50 value of 1.86 μM. Furthermore, we found BIK
in almost 30% of the feed samples with a maximum concentration of 1564 μg/kg, whereas another
study reported contaminations of up to 51,130 μg/kg [13]. Our in vitro data give the first evidence of
its cytotoxic effects on epithelial cells, and considering an IC50 value of only 1.86 μM (= 711 μg/kg),
the high contamination level might be alarming. We would like to point out that for this toxin,
viability did not further decrease below 50% after applying higher concentrations, which has also been
observed for other metabolites such as enniatin B, emodin, and tenuazonic acid. More research has
been carried out for the cyclic hexadepsipeptides beauvericin (BEA) and the group of enniatins (ENNs;
A, A1, B, B1). Their cytotoxicity was demonstrated in a variety of cell culture models [7,9,43–46] and
is attributed to their ionophoric properties. A recently published study from Fraeyman et al. [46]
revealed that proliferating IPEC-J2 are more sensitive to BEA, but not to the ENNs. Differentiated cells
seem to be more robust against their detrimental effects, which was already shown by Springler and
Broekaert et al. [47,48]. According to Fraeyman’s study, the overall cytotoxicity after 24 h of incubation
was ranked as BEA > ENN A >> ENN A1 > ENN B1 >>> ENN B. This contrasts with our results
that led to the following ranking: BEA > ENN B > ENN A > ENN B1 > ENN A1 in proliferating
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IPEC-J2. This discrepancy could be due to different incubation time points (24 h vs. 48 h) and different
measured endpoints (flow cytometry vs. Sulforhodamine B assay). Additionally, more data about their
occurrence are available. We mostly found ENN B and B1 (≈82% positive); however, 77.4%, 68.7%,
and 49.5% of the feed samples were also contaminated with ENN A, BEA, and ENN A1, respectively.
The maximum detected concentrations varied between 1514, 1846, 307, 413 and 549 μg/kg, respectively.
Considering that those compounds usually co-occur, the total amount can exceed a level of 4500 μg/kg
or even 5543 μg/kg, as described in Kovalsky et al. [18]. A high prevalence of BEA and ENNs in
cereal grains was already described in other peer-reviewed studies [14,15,18,49]. Additionally, a high
oral bioavailability, particularly seen for ENN B1, has been reported [50,51], which turn them into a
potential risk factor for exposed animals.

For patulin (PAT), a low IC50 value of 3.21 μM (= 495 μg/kg) was determined as well, but since
not a single sample was contaminated with PAT, it does not seem to be relevant regarding porcine
health. PAT is better known as a feed contaminant in fruits, especially apples and vegetables, and its
toxicity was demonstrated in different animal species [52,53]. Other conclusions have to be drawn
regarding the Fusarium metabolite aurofusarin (AURO), which led to an IC50 value of 11.86 μM (=
6766 μg/kg) and was detected in a median and maximum concentration of 210 μg/kg and 85,360 μg/kg,
respectively. An interference of AURO with antioxidants and fatty acids in the eggs and embryos
of quails has already been reported [54,55], as well as its negative effect on the growth performance
in red tilapia [56] and cytotoxicity in mammalian cells [23,57,58]. Our results are comparable with a
study from Jarolim et al. [23], reporting a significant decrease in viability of HT29 and HCEC-1CT cells
starting at 5 μM AURO after 48 h. Even though the calculated IC50 value of 6766 μg/kg seems to be
high in our approach, when considering the maximum found concentration of 85,360 μg/kg, a critical
risk assessment is urgently required. The last metabolite where an IC50 calculation was possible was
emodin (EMO), which is claimed to be a therapeutic agent of various diseases used in traditional
Chinese medicine for centuries. As EMO is produced by a range of different plant families, and found
ubiquitously in herbs, trees, and shrubs [59], a potential risk to animal health seems very unlikely.

Five out of the tested metabolites, mycophenolic acid (MPA), equisetin (EQUI), alternariol (ALT),
tenuazonic acid (TeA), and rubrofusarin (RUB) led to a slight decrease in viability, and relative IC50

values could be determined. Despite increasing concentrations, a reduction of more than 50% was
not found; therefore, absolute IC50 values could not be calculated. We have chosen the SRB assay
to measure the protein content because this cell target was the most sensitive one in preliminary
studies. However, it seems that for other compounds, a different cell target might be more suitable.
As described in an study from 2017 [60], different endpoint analyses can lead to a different outcomes.
Especially for MPA, a study about its cytotoxicity has been published where the mitochondrial activity
of Caco-2 cells was only decreased by 45% at 780 μM MPA after 48 h of incubation, but no effect
was seen in THP-1 monocytes [61]. These results vary from ours since we determined a constant
decline of 20.0 to 33.6% viability already starting from 1.25 to 150 μM MPA by measuring the cellular
protein content. Interestingly, similar results about ALT were published, in which the cell viability
of HepG2 cells did not decrease in a concentration-dependent manner up until a concentration of
100 μM [62,63].

None of the other compounds, culmorin (CUL), moniliformin (MON), roquefortine C, tentoxin,
alternariol monomethyl ether, kojic acid, cyclo-(L-Pro-L-Tyr), cyclo-(L-Pro-L-Val), tryptophol,
3-nitropropionic acid, brevianamid F, and fusaric acid (FA) showed negative effects in the tested
concentration range on IPEC-J2. However, we would like to refer to four of them: although the
metabolite culmorin (CUL) elucidated no cytotoxic effect in our tests, it was found in 79.7% of all
samples, with remarkable concentrations of 157,114 μg/kg. Interestingly, its natural occurrence is
always correlated to the occurrence of DON. A recent study showed that CUL is able to inhibit the
glucuronidation of DON in human liver microsomes, and thus, its detoxification process [64,65].
These findings make the compound highly relevant regarding synergistic effects, not only for the
detoxification of DON, but also for other toxins. MON was already described as a hazardous
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contaminant for poultry, and therefore, a risk assessment has been recently published by EFSA [6,66].
Finally, although being non-cytotoxic in our experimental approach, cyclo-(L-Pro-L-Tyr) was found to
be the most frequently detected compound in our survey program with 87.6% positive samples. Only a
few publications described its antibacterial activity against two gram-negative bacteria, as well as its
cytotoxic and genotoxic effects in lymphocytes and various cell lines to date [67–69]. However, due to its
high occurrence, along with its high concentration, further studies are needed. Furthermore, we would
like to stress that other metabolites, such as aflatoxin B1 and fumonisin B1, are also known for their
non-cytotoxic effects in vitro and their detrimental effect in animals. Thus, a lack of cytotoxicity in vitro
does not necessarily indicate a complete harmlessness.

4. Conclusions

Taken together, our study focused on the occurrence data and concentrations of 28 secondary
fungal metabolites without regulatory guidelines and their effect on the viability of an intestinal
porcine cell line. In the majority of the analyzed pig feed samples, low median concentrations (15 of
28 metabolites gave median concentrations of <20 μg/kg) were determined; however, some individual
samples were contaminated with high concentration levels, which might be relevant for animal health.
The maximum occurrence values exceeded the absolute IC50 concentrations for apicidin, bikaverin,
and aurofusarin. Moreover, even if acute exposure to most of the metabolites is low, concerns regarding
chronic exposure at lower levels are rising. An important factor that needs to be considered for
further investigations comprise the absorption, distribution, metabolism, and excretion (ADME) of
the substances and their ability to enter the target cell. Therefore, cytotoxicity studies provide a first
overall picture of the relevance of the detected compounds and serve as a suitable alternative and
prerequisite to animal testing. For a qualified risk assessment, however, reliable combination studies to
investigate synergistic, additive, and antagonistic effects are needed due to the frequent co-occurrence
of toxic compounds, especially with the regulated main mycotoxins. Finally, data from feeding trials in
productive livestock with chronic exposure of those compounds have to be the logical target for the
testing process within the next few years.

5. Materials and Methods

5.1. Cell Culture

The porcine jejunal intestinal epithelial cell line, IPEC-J2 (ACC 701; Leibnitz Institute DSMZ,
German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany), originated
from a neonatal, unsuckled piglet. These non-transformed cells were continuously maintained in
complete cultivation medium consisting of Dulbecco’s modified eagle medium (DMEM/Ham’s
F12 (1:1), Biochrom AG, Berlin, Germany), supplemented with 5% fetal bovine serum, 1%
insulin-transferrin-selenium, 5 ng/mL epidermal growth factor, 2.5 mM Glutamax (all GibcoTM,
Life Technologies, Carlsbad, CA, USA), and 16 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Sigma-Aldrich, St. Louis, MO, USA), and grown at 39 ◦C in a humidified atmosphere of
5% CO2. IPEC-J2 between passages 1–15 were routinely seeded at 1 × 106 cells/mL in 150 cm2

tissue culture flasks (Starlab, Hamburg, Germany) with 28 mL complete cultivation medium and
subcultured upon confluence every 3–4 days. For assays, confluent cells were detached using
Trypsin (0.25%)-ethylenediaminetetraacetic acid (EDTA, 0.5 mM, Sigma-Aldrich, St. Louis, MO,
USA). Cell culture was regularly tested and found to be free of mycoplasma contamination via PCR
(Venor®GeM Mycoplasma Detection Kit; Minvera Biolabs GmbH, Berlin, Germany).

5.2. Material

All tested chemicals are listed in Table 3 and were dissolved either in dimethylsulfoxid (DMSO,
Sigma-Aldrich, St. Louis, MO, USA), ethanol (EtOH absolut, VWR International, Radnor, PA, USA),
acetonitrile (ACN, Sigma-Aldrich, St. Louis, MO, USA), or distilled water.
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Table 3. List of chemicals.

Chemical Purity Solvent
Highest Tested

Concentration (μM)
Company

Alternariol (Alternaria sp.) ≈96% DMSO 150 Sigma-Aldrich
Alternariol monoethyl ether

(Alternaria alternata) ≥98% DMSO 150 Sigma-Aldrich

Apicidin (Fusarium sp.) ≥95% DMSO 5 Santa Cruz
Aurofusarin (Fusarium

graminearum) ≥97% DMSO 20 AdipoGen Life
Sciences

Beauvericin (Beauveria sp.) ≥95% DMSO 20 AdipoGen Life
Sciences

Bikaverin (Fusarium sp.) 95% DMSO 20 Santa Cruz
Brevianamid F >98% DMSO 150 MedChem Express

Cyclo(L-Pro-L-Tyr) >98% DMSO 150 BioAustralis
Cyclo(L-Pro-L-Val) >98% DMSO 150 BioAustralis

Culmorin 100% ACN 20 Generous gift from
Dr. Fruhmann

Deoxynivalenol (Fusarium sp.) ≥95% Distilled water 20 Biopure
Emodin ≥97% DMSO 150 Sigma-Aldrich

Enniatin A, A1, B, B1
(Gnomonia errabunda) ≥95% DMSO 20 Sigma-Aldrich

Equisetin (Fusarium equiseti) >99% DMSO 20 Santa Cruz
Fusaric acid (Gibberella fujikuroi) ≥98% 96% EtOH 150 Sigma-Aldrich

Gliotoxin
(Gladiocladium fimbriatum) ≥97% DMSO 20 Santa Cruz

Kojic acid ≥99% Distilled water 150 Sigma-Aldrich
Moniliformin (Fusarium

moniliforme) ≥99% Distilled water 20 BioAustralis

Mycophenolic acid
(Penicillium brevicompactum) ≥98% DMSO 150 Sigma-Aldrich

Patulin 98% DMSO 20 Santa Cruz

Roquefortine C (Penicillium sp.) ≥98% DMSO 20 AdipoGen Life
Sciences

Tentoxin (Alternaria tenuis) ≥95% 70% EtOH 20 Sigma-Aldrich
Tenuazonic acid

(Alternaria alternata) ≥98% DMSO 150 AdipoGen Life
Sciences

Tryptophol >98% DMSO 150 AdipoGen Life
Sciences

3-Nitropropionic acid ≥97% 70% EtOH 150 Sigma-Aldrich

Adipogen Life Sciences, Switzerland; BioAustralis, Australia; Biopure, Austria; MedChem Express, Sweden; Santa
Cruz, Germany; Sigma-Aldrich, USA.

5.3. Method

5.3.1. Cell Viability Assay

For the measurement of cell viability, 3 × 104 cells/well were seeded into a flat-bottom,
cell-culture-treated 96-well microplate (Eppendorf) in 200 μL cultivation media and grown for
24 hours at 39 ◦C and 5% CO2. After reaching confluence, IPEC-J2 were treated with a broad range of
concentrations of all chemicals (listed in Table 3).

A sulforhodamine B (SRB) assay (Xenometrix, Allschwil, Switzerland) was used to determine
cellular protein content and was performed according to the manual. Briefly, the supernatant was
discarded and the cell layer was washed with 300 μL SRB I solution per well. Then, 100 μL SRB II
fixing solution was added to each well and the plate was incubated for 1 h at 4 ◦C. After the incubation
time, cells were washed three times with 200 μL distilled water. Cells were stained with 50 μL SRB III
labelling solution/well for 15 min, and afterwards, cells were washed again two times with 400 μL
SRB IV rinsing solution. Then, bound SRB was solubilized with 200 μL SRB V and after 15–60 min,
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absorbance was measured at 540 nm and a reference wavelength of 690 nm using a microplate reader
(Synergy HT, Biotek, Bad Friedrichshall, Germany).

5.3.2. LC-MS/MS Multi-Analyte Method

A total of 1141 samples from 75 countries were provided by the BIOMIN Mycotoxin Survey for
measuring up to 800 analytes, including fungal and bacterial metabolites, pesticides, and veterinary
drug residues using a LC-MS/MS multi-mycotoxin analysis method [24]. Samples were collected after
instruction or by trained staff only from February 2014 until February 2019. For the present study,
data from finished pig feed samples including 28 fungal metabolites were chosen for detailed analysis
(see Table 1). The threshold (t) was set to be >1.0 μg/kg or the limit of detection (LOD), whichever
was higher.

A minimum of 500 g of sample was submitted to the laboratory of the Institute of Bioanalytics and
Agro-Metabolomics at the University of Natural Resources and Life Sciences Vienna (BOKU) in Tulln.
After reception, samples were immediately milled, homogenized, and finally analyzed. Samples were
extracted with a mixture of acetonitrile (ACN), water, and acetic acid (79:20:1, per volume) on a rotary
shaker for 90 min. After centrifugation, the supernatant was transferred to a glass vial and diluted with
a mixture of ACN, water, and acetic acid (20:79:1, per volume), and was injected into the LC-MS/MS
system (electrospray ionisation and mass spectrometric detection employing a quadrupole mass filter).
Quantification was done according to an external calibration using a multi-analyte stock solution.

The method was performed according to the guidelines from the Directorate General for Health
and Consumer affairs of the European Commission, published in document No. 12495/2011 [70].

5.3.3. Statistics and Evaluation

The half-maximal inhibitory concentrations (IC50) were calculated using GraphPad Prism
(GraphPad Prism Version 7.03, San Diego, CA, USA). For calculation of the relative IC50 value,
data was log-transformed and fitted to a four-parameter logistic equation:

Y = Bottom + (Top− Bottom)/(1 + 10((LogIC50−X) x Hillslope (1)

The molar concentration of a substance that reduced viability to 50% between the top and the
bottom plateau was calculated.

For the calculation of the absolute IC50 value, data was log-transformed and following equation
was used:

Y = Bottom + (Top− Bottom)/(1 + 10
(
(LogIC50−X) x HillSlope + log

(
Top− Bottom

Fi f ty− Bottom
− 1

))
(2)

Fifty = 50; Top = 100
The molar concentration of a substance that reduced viability to 50% of the maximum viability

was calculated.
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68. Kosalec, I.; Ramić, S.; Jelić, D.; Antolović, R.; Pepeljnjak, S.; Kopjar, N. Assessment of tryptophol genotoxicity
in four cell lines in vitro: A pilot study with alkaline comet assay. Arh. Hig. Rada Toksikol. 2011, 62, 41–49.
[CrossRef]
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Abstract: Destruxin A (DA), a hexa-cyclodepsipeptidic mycotoxin secreted by the entomopathogenic
fungus Metarhizium anisopliae, was reported to have an insecticidal effect and anti-immunity activity.
However, its molecular mechanism of action remains unclear. Previously, we isolated several potential
DA-affinity (binding) proteins in the Bombyx mori Bm12 cell line. By docking score using MOE2015,
we selected three proteins—BmTudor-sn, BmPiwi, and BmAGO2—for further validation. First, using
Bio-Layer Interferometry in vitro, we found that BmTudor-sn had an affinity interaction with DA at
125, 250, and 500 μM, while BmPiwi and BmAGO2 had no interaction signal with DA. Second, we
employed standard immunoblotting to verify that BmTudor-sn is susceptible to DA, but BmPiwi
and BmAGO2 are not. Third, to verify these findings in vivo, we used a target engagement strategy
based on shifts in protein thermal stability following ligand binding termed the cellular thermal shift
assay and found no thermal stability shift in BmPiwi and BmAGO2, whereas a shift was found for
BmTudor-sn. In addition, in BmTudor-sn knockdown Bm12 cells, we observed that cell viability
increased under DA treatment. Furthermore, insect two-hybrid system results indicated that the
key site involved in DA binding to BmTudor-sn was Leu704. In conclusion, in vivo and in vitro
experimental evidence indicated that BmTudor-sn is a binding protein of DA in silkworm Bm12
cells at the 100 μM level, and the key site of this interaction is Leu704. Our results provide new
perspectives to aid in elucidating the molecular mechanism of action of DA in insects and developing
new biopesticide.

Keywords: Destruxin A; Bombyx mori; binding protein; BmTudor-sn; Bm12 cell

Key Contribution: BmTudor-sn is a Binding Protein of Destruxin A in Silkworm Bm12 cells by
in vivo and in vitro experimental evidences, and the key site of this interaction is Leu704.

1. Introduction

Destruxins are cyclodepsipeptidic mycotoxins, and there are 39 analogues [1]. Destruxin A (DA,
Figure 1A), the common analogue secreted by the entomopathogenic fungus Metarhizium anisopliae, has
a strong insecticidal effect and anti-immunity activity, which includes breaking the balance between
calcium and hydrogen ions and subsequently affecting the function of phagocytosis and encapsulation
in hemocyte [2,3]. Because of the immunosuppression activity of DA in insects, the majority of studies
have focused on the mechanism of action of the effect of DA on the immune-related pathway or stress
reaction (response), such as changes to the transcriptome [4] and proteome [5] or immune regulation
by microRNA [6] in Plutella xylostella. There have been various studies on the effects of DA, including
its impact on transcriptome [7], proteome, transcription factor, and antibacterial peptide expression [8]
in Bombyx mori and its influence on the Toll or Imd pathway in Bemisia tabaci [9]. However, for drug
research or development, it is important to look for direct targets, most of which are proteins, in
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appropriate tissues or cells. In order to clarify the molecular mechanism more directly, previously,
we screened and isolated DA-binding proteins in ovary-derived Bm12 cells using a label-free small
molecule drug target identification method called drug affinity responsive target stability (DARTS) [10].
The DARTS results indicated that DA greatly induced heat shock proteins (HSPs) in cultured cells, and
we successfully demonstrated that DA binds to an HSP in vitro by molecular interaction validation [11].
However, evidence from only one approach is not sufficient, especially for studies only performed
in vitro.

Here, we selected three proteins, BmTudor-sn, BmPiwi, and BmAGO2, from the DARTS analysis
based on their molecular docking score and determined whether these proteins are DA binding
proteins through a series of in vivo and in vitro experiments. In brief, BmPiwi and BmAGO2 belong
to the Argonaute family [12], which plays a vital role in germ cell development and represent a core
component of the RNA interference (RNAi) pathway and function in transcriptional regulation [13].
Meanwhile, BmTudor-sn, a multifunctional protein containing four staphylococcal nuclease domains
and a Tudor domain, participates in cellular pathways involved in gene regulation, cell growth, and
development and interacts with Argonaute proteins [14], and it is known as stress granule protein in
Bombyx mori [15]. These three proteins are all critical components in the RNAi pathway [16]. Notably,
few studies have associated DA with germ line-derived proteins that are involved in several important
physiological processes. In addition, this study may provide novel insights to exploit new targets and
pathways for the development of pesticides.

 

Figure 1. Binding pose of Destruxin A (DA) with BmTudor-sn, BmPiwi, and BmAGO2. DA is colored
in cyan, and the surrounding residues in the binding pockets are colored in orange. The backbone
of the receptor is depicted as spectrum ribbon. (A) The structure of DA. (B) The binding poses of
DA with BmTudor-sn. (C) The binding mode of DA with BmPiwi. (D) The binding patterns of DA
with BmAGO2.
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2. Results

2.1. Molecular Docking

Faced with hundreds of isolated proteins from the DARTS analysis, molecular docking was
a convenient and efficient method to screen for proteins that are of research value. Ultimately,
BmTudor-sn, BmPiwi, and BmAGO2 protein were selected from hundreds of candidates because
of their relatively high binding scores and because they play crucial roles in many physiological
processes in Bombyx mori.

Through molecular docking, we obtained the binding modes of DA with the BmTudor-sn, BmPiwi,
and BmAGO2 proteins. The estimated binding free energies indicated by GBVI/WSA dG scoring
are listed in Table 1. A lower binding free energy suggests a higher binding affinity. The ligands and
DA had docking scores that ranged from −9.1947 to −11.002 kcal/mol, suggesting a good binding
affinity with these proteins. The binding modes of DA with BmTudor-sn, BmPiwi, and BmAGO2
are depicted in Figure 1. DA fits the pocket well in terms of the shape in the binding sites. For the
BmTudor-sn docking pattern, the Arg343 side chain of the SN3 domain could have a hydrogen bond
interaction with the carbonyl group of DA, which contains a number of carbonyl groups that might
form hydrogen bonds with nearby basic amino acids. For the BmPiwi binding mode, the carbonyl
in DA, which is regarded as a hydrogen bond donor, forms one hydrogen bond with the side chain
of Cys648 in BmPiwi, which forms other hydrogen bonds with Gln695 and Gly651. At the bottom
of the binding pocket, hydrogen bonds are formed between Cys614 and several residues around it.
For the binding mode of DA with BmAGO2, one oxygen atom of the carbonyl near the pyrrolidine of
DA, which is regarded as a hydrogen bond donor, forms one hydrogen bond with the side chain of
Arg981 in BmAGO2 and forms another intramolecular hydrogen bond with a nitrogen atom. The other
oxygen atom of the carbonyl near the pyrrolidine of DA, which is regarded as a hydrogen bond donor,
forms one hydrogen bond with the side chain of Lys761 in BmAGO2.

Table 1. The docking score of DA against BmTudor-sn, BmPiwi, and BmAGO2.

Proteins Docking Score (kcal/mol)

BmTudor-sn −11.002
BmPiwi −10.8577

BmAGO2 −9.1947

2.2. Assessing the Interaction of DA with BmTudor-sn, BmPiwi, and BmAGO2 by Bio-Layer Interferometry
(BLI) In Vitro

The determination of the affinity constant between heterologously expressed recombinant
proteins with a small molecule through in vitro biophysical approaches is a generally accepted and
frequently used method for target validation. In this study, we selected bio-layer interferometry [17]
because it is label free, has high sensitivity, and can be performed in real-time to assess the binding
affinity. Recombinant proteins were expressed and purified from eukaryotic expression in lepidoptera
Spodoptera frugiperda 9 (Sf9) cells because of their similar tertiary structure with native proteins. The BLI
analysis results indicated that DA interacts with BmTudor-sn at concentrations of 125 μm, 250 μm,
and 500 μm but not BmPiwi or BmAGO2 (Figure 2A,B). And the affinity constant KD is 5.87 × 10−4M.
These results possibly contradict the above docking results, which indicated that DA formed hydrogen
bonds with the three proteins.
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Figure 2. Results of recombinant proteins interacting with DA using BLI. (A) Data analysis with
software showing there are interactions between BmTudor-sn and DA. (B) Molecular interaction kinetic
data of BmTudor-sn with DA. (C,D) Processed data indicated no interaction of BmPiwi or BmAGO2
with DA.

2.3. Assessing the Interaction of DA with BmTudor-sn through Protein Stability and RNAi In Vivo

DARTS is based on the principle that protein folding stability is more resistant to protease and
heat treatments under conformational modifications caused by small molecules or other ligands.
Notably, false-positive DARTS results will be obtained with the high expression of proteins caused by
drug treatment and the stress response thus, it was necessary to confirm that BmTudor-sn was not
completely hydrolyzed by proteolysis. The immunoblotting results (Figure 3A) clearly indicated that
BmTudor-sn, but not BmPiwi and BmAGO2, was stable with DA treatment in a dosage-dependent
manner under proteolysis, which suggested that BmTudor-sn is a DA binding protein. Additional
evidence was obtained using a method that directly monitored target engagement based on the shift in
protein thermal stability induced by a small molecule, which is termed the cellular thermal shift assay
(CETSA) [18]. As depicted in Figure 3B, the thermal stability of BmTudor-sn increased following DA
binding modification, as indicated by the binding protein solubility in the supernatant being positively
correlated with the temperature gradient. These protein stability shift assay results provided sufficient
evidence to demonstrate that BmTudor-sn is a binding protein of DA in Bm12 cells. Then, cytotoxicity
and viability assays were performed following DA treatment with BmTudor-sn knockdown, and the
results revealed that viability increased by approximately 20% (Figure 3C).
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Figure 3. Protein stability shift assay by immunoblotting and CETSA results indicated that DA
specifically binds to BmTudor-sn but not BmPiwi or BmAGO2. (A) Immunoblotting results
demonstrating that BmTudor-sn stability was influenced by interacting with DA in a dosage-dependent
manner. (B) CETSA showing that BmTudor-sn thermal stability was subject to thermal gradient
treatment after adding DA. (C) BmTudor-sn knock down cells showed higher viability under DA
treatment. Significant differences between columns are indicated by an * (p < 0.05) according to t test.

2.4. Screening Key Amino Acid Sites of Interaction between DA and BmTudor-sn Using an Insect Two-Hybrid
(I2H) System

The above experiments assessed and verified the interaction of DA with BmTudor-sn. However,
the exact interaction sites were not clear. Here, we evaluated the binding site in vivo using the
insect two-hybrid (I2H) protein-protein interaction method [19] (Figure 4). This method was used to
assess key sites where DA disrupted the interaction of BmTudor-sn with BmAGO1 in the Spodoptera
frugiperda 9 (Sf9) cell line. Six mutants were prepared according to optimal docking sites, and 0.02 and
0.2 μg/mL DA treatments were selected based on our previous results. The results clearly indicated
that for the 0.02 and 0.2 μg/mL treatments, the signals for 2 mutants, Ser707Ala and leu704Ala, and
3 mutants, Ser701Ala, Leu704Ala, and Tyr708Ala, respectively, were each different from the wild
type signal, which suggested that the binding mode is dependent on the DA dosage. Apparently,
DA interacts with BmTudor-sn at both concentrations at Leu704. At the protein domain level, the
differences in the mutants were both in the Tudor domain (Ser707, Leu704, Ser701, Tyr708) rather than
the SN3 (Lys492) and SN4 (Lys582) domains. In addition, DA impeded the protein pair interaction
at Ser707 and Tyr708 and promoted it at Leu704 and Ser701 based on the increase or decrease in the
signal, respectively.
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Figure 4. Key amino acid sites of interaction between DA and BmTudor-sn. (A) Schematic of the
principle of the insect two-hybrid (I2H) system [19]. (B) Differences in the mutants with the 0.02 and
0.2 μg/mL DA treatments. Significant differences between columns are indicated by an * (p < 0.05)
according to DMRT. (C) Sketch of the domain structure of BmTudor-sn and the key amino acid sites of
the Tudor domain. The text continues here.

3. Discussion

In drug research and development, it is important to clearly determine the mechanism of action
of small molecules in cells, the most common target of which are binding proteins [20]. Previously, we
attempted to elucidate the mechanism for DA using different approaches, such as analyzing phenotype
differences and changes in the transcriptome7 and proteome [21]. Unfortunately, because DA has no
active group, it is not possible to bond affinity chromatography tags for use in chemical proteomics.
With DARTS, we have the ability to bond DA with potential proteins. However, DARTS can return
false-positive results when highly expressed proteins are not digested completely by protease [22].
Indeed, BmTudor-sn, BmPiwi, and BmAGO2 proteins were upregulated by DA 2-3-fold at the
transcriptional level. Immunoblotting is typically used for verification [23], and the dosage-dependent
blot protein is the binding protein. Based on this, we confirmed that BmTudor-sn is a binding protein
of DA but not BmPiwi or BmAGO2.

DARTS analysis revealed dozens of potential binding proteins, and it was necessary to determine
which were the most probable. Molecular docking is a reasonable, efficient, and convenient strategy
to narrow down candidates among all proteins compared to other methods such as heterologous
expression and kinetic analysis, which require verification one by one. However, it seems paradoxical in
this study that proteins with the top docking scores were not the binding protein [24]. Actually, docking
is a completely theoretical speculation, and other experiments are required to draw a conclusion.
Here, BLI kinetic analysis in vitro and CETSA in vivo were performed to address these drawbacks,
demonstrating that DA binds to BmTudor-sn rather than BmPiwi or BmAGO2. BLI is a recently
developed, frequently used bio-molecular interaction analysis method based on optical interference
signals and is a fast, real-time method that uses a small amount of sample. Meanwhile, CETSA
is a small molecule target engagement strategy based on protein thermal stability shifts caused by
ligand binding, and it has been successfully used to identify several target proteins in drug studies in
recent years [25]. Moreover, in the BLI analysis, we found that DA bound to BmTudor-sn at the 100
μM level, and this result agreed with the DARTS experiment in which BmTudor-sn only appeared
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in the 200 μg/mL treatment with a specific proteinase and not at the lower dosage and with other
proteinases. Furthermore, the CETSA results demonstrated that BmTudor-sn showed thermal stability
with the 200 μg/mL treatment and not at the lower dose. I2H was first used to study protein-protein
interactions20, and with it, we screened the key amino acid sites of the protein-ligand complex using
different mutants because of its convenience and sensitivity and because a purified protein was not
required. I2H was also practical for comparing the drug inhibition rates of protein pairs.

DA has been previously reported to play a role in immune related pathways and in inducing the
immunosuppression phenotype in insects [26]. The majority of studies have focused on these roles,
while few have addressed the mechanism of action in cells. Therefore, previously, we assessed the ion
concentration inside and outside the cell [2] and found that DA strongly induced the expression of
heat shock proteins (HSPs) in cells and bound to one of them in vitro [11], and here, we showed that
BmTudor-sn is a DA binding protein. Tudor-sn, a multifunctional protein, was reported to regulate
downstream expression and slice RNAi under normal conditions and participate in the formation of
stress granules and processing bodies under stress [15]. This may also explains why BmTudor-sn only
appeared in the high concentration treatment in DARTS. Another question is whether DA binds to
Tudor-sn in humans. DA is one of fungal toxins generated by the commercial biopesticide M. anisopliae,
which also produces Destruxin B (DB), and DB was reported to have clear anti-cancer activity [27].
Interestingly, we previously showed that DB is more sensitive to V-ATPase than DA in silkworm
hemocytes, and this ion channel is known to be the most probable target of DA. However, DA likely
does not bind to Tudor-sn in humans because Tudor-sn has different functions in different species.

In conclusion, in vivo and in vitro experimental evidence indicated that BmTudor-sn is a binding
protein of DA in silkworm Bm12 cells at the 100 μM level, and the key amino acid site of this interaction
is Leu704.

4. Materials and Methods

4.1. Cell Lines and Culture

The silkworm Bm12 cell line was donated by Professor Cao Yang (College of Animal Science at
South China Agricultural University) and cultured in TNM-FH culture medium (Hyclone, Pittsburgh,
MA, USA) and 10% fetal bovine serum (Gibco, Waltham, MA, USA). The Spodoptera frugiperda 9 (Sf9)
cell line was cultured in SFX culture medium (Hyclone) with 5% fetal bovine serum. Cells were
cultured at 27 ◦C and maintained at over a period of 2–4 days. Cells in the logarithmic phase were
used for the experiment.

4.2. Destruxin A and Treatment

Destruxin A (DA) was isolated and purified from the Metarhizium anisopliae var. anisopliae strain
MaQ10 in our laboratory [28]. A DA stock solution of 10,000 μg/mL was made up from 1 mg of DA
and 100 μL of dimethyl sulfoxide (DMSO, Sigma-Aldrich, Darmstadt, Germany). To begin treatment,
the DA stock solution was added to a cell well at a final concentration of 200 μg/mL DA. The control
group was only supplemented with 0.1% DMSO.

4.3. Homology Modeling and Molecular Docking

Homology modeling was conducted in MOE v2015.1001. The structure was determined by
homology modeling of the target sequence. Template crystal structures were identified using NCBI
BLAST and downloaded from the RCSB Protein Data Bank. The Protonate module of MOE v2015.1001
was used to calculate the protonation state at pH = 7. Ten independent intermediate models were
built. These different homology models were obtained from the mutational selection of different loop
candidates and side chain rotamers. Then, the intermediate model that scored the highest according to
the GB/VI scoring function was chosen as the final model and subjected to further energy minimization
using the AMBER12: EHT force field.
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MOE Dock was used for molecular docking simulations. The 2D structure of the ligand was drawn
in ChemBioDraw 2014 and converted to 3D in MOE v2015.1001 through energy minimization with
the MMFF94x force field. The protein structures were constructed by homology modeling. The Site
Finder module in MOE was used to predict the potential binding pockets. Then, the protonation
state of the protein and the orientation of the hydrogens were optimized using LigX at a pH of 7 and
temperature of 300 K. Prior to docking, the force field of AMBER12: EHT and the implicit solvation
model of Reaction Field (R-field) were selected. The docking workflow followed the “induced fit”
protocol, in which the side chains of the receptor pocket were allowed to move according to ligand
conformations, with a constraint on their positions. The weight used for tethering side chain atoms to
their original positions was 10. For each ligand, all docked poses were ranked by London dG scoring
first, and a force field refinement was then carried out on the top 30 poses followed by a rescoring of
GBVI/WSA dG.

4.4. Bio-Layer Interferometry (BLI)

All proteins were prepared by eukaryotic expression in the Sf9 cell line. These were tagged with
His-tag and purified by nickel affinity chromatography. BLI analysis was performed on a ForteBio
OctetQK System (K2, Pall Fortebio Corp, Menlo Park, CA, USA). Generally, the protein samples were
coupled with a biosensor for immobilization. Serial not gradient dilutions of DA (500, 250, 125, 62.5,
31.25, 15.63, and 7.813 μM) were used for treatment. PBST buffer (0.05% Tween20, 5% DMSO) was
used for the reference and dilution buffers. The working procedure was baseline for 60 s, association
for 60 s, and dissociation for 60 s. Finally, the raw data were processed with Data Analysis Software
(9.0, Pall Fortebio Corp, Menlo Park, CA, USA).

4.5. Immunoblot and Cellular Thermal Shift Assay (CETSA)

The Bm12 cell line was used to conduct the CETSA and immunoblot experiments. Cells were
treated with DA. For immunoblotting, cell extracts from different DA treatments, collected after
incubation with RIPA lysis buffer, were digested with proteinase K and then heated in water at
90 ◦C for 5 min. Samples were analyzed using SDS-PAGE and transferred to PVDF membranes.
The membranes were then incubated in skim milk powder, followed by incubation with primary and
HRP antibodies. ECL was added to the chemiluminescence reaction. For CETSA, Bm12 cells, treated
with 200 μg/mL DA, were divided into 8 aliquots, heated at 37–58 ◦C, and lysed by a freeze-thaw
cycle. The supernatants of the lysed cells were used for the western blot analysis as described above.

4.6. RNAi and Viability and Toxicity Assessment

SiRNAs were prepared by synthesis in vitro. The sequence of BmTudor-sn siRNA is
5′-CCAAAGGACCGCCAACAAUTT-3′ and 5′-AUUGUUGGCGGUCCUUUGGTT-3′. SiRNA and
FuGENE transfection reagent were each diluted in serum-free medium and then mixed. The mixture
was added to Bm12 cells after the DA treatment. Viability and toxicity assessment were performed
following the manufacturer’s instructions.

4.7. Insect Two Hybrid (I2H) System

BmTudor-sn and mutants were cloned into the I2H vector pIE-AD, and BmAGO1 was cloned
into the I2H vector pIE-DBD using the Gateway system. These vectors and the luciferase vector were
co-transfected into the Sf9 cell line and treated with DA at 0.02 and 0.2 μg/mL. The luciferase activities
in the cell extracts were determined using a Luciferase Reporter Assay System (Promega, Beijing,
China) and Synergy™ H1 (BioTek, Winooski, VT, USA).
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