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Editorial
Novel Approaches in Mycotoxins Research: Detection,
Prevention and Mode of Action

Ana Juan-Garcia I'* and Daniela Jaksi¢ 2
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Department of Microbiology, Faculty of Pharmacy and Biochemistry, University of Zagreb, 10000 Zagreb,
Croatia; djaksic@pharma.unizg. hr

*  Correspondence: ana.juan@uv.es

Mycotoxins, which are toxic secondary metabolites produced by fungi, pose significant
risks to food safety and public health. The research included in this Special Issue primarily
focused on the regulated mycotoxin aflatoxin B1 (AFB1), fumonisins, and ochratoxin A
(OTA), addressing their toxic effects, detection methods, and potential mitigation strategies.
The highlights of this research include the genetic basis of fumonisin resistance in Fusarium
verticillioides (Krska et al.), the development of a validated HPLC-FLD method for the quan-
tification of ochratoxin A in models of mice neurotoxicity (Beraza et al.), and the assessment
of mycotoxin contamination in hops when used in brewing (Sarkanj). Advances in machine
learning for the rapid detection of mycotoxins (Inglis et al.) and protective compounds such
as quercetin (Pauletto et al.) and functional food ingredients, e.g., fermented whey (Trom-
betti et al.), provide novel insights into the mitigation of toxins. Studies on polyphenolic
plant extracts (Cadenillas et al.) also highlight eco-friendly antifungal alternatives.

As described in Krska et al. (2024), Fusarium verticillioides produces fumonisins, which
inhibit the biosynthesis of sphingolipids in various organisms. These mycotoxins function
as virulence factors in plant pathogens and influence interactions between competing fungi.
It is reported that fumonisin-producing Fusarium verticillioides exhibits higher resistance to
fumonisin B1 (FB1) compared to non-producing F. graminearum. By investigating the genetic
basis of this resistance, Krska and colleagues found that the overexpression of certain
ceramide synthases, particularly FUM18, conferred a high level of resistance, suggesting
that F. verticillioides possesses a redundant self-resistance mechanism.

Similarly, Beraza et al. (2024) underscore the dangers of ochratoxin A (OTA), a my-
cotoxin that is commonly found in food products and has been increasingly linked to
neurodegeneration. However, despite its relevance, no fully validated HPLC analytical
methods are currently available for the quantification of OTA in mice, which is used as an
animal model in neurotoxicity research. In order to address this gap, Beraza’s team devel-
oped a highly sensitive and robust HPLC-FLD method that was validated according to
FDA and EMA guidelines. This methodology enables the precise quantification of OTA in
crucial tissues such as the brain and intestine, enabling more accurate neurotoxicity studies.

Meanwhile, Sarkanj provides insights into mycotoxin contamination in hops, a crucial
ingredient in brewing. Analyzing 62 hop samples from Croatian craft breweries, the
study confirmed that the hops had been contaminated with Alternaria and Fusarium toxins.
Tenuazonic acid was detected in all samples, while deoxynivalenol appeared in 98% of
them. However, the absence of Aspergillus and Penicillium toxins indicated that appropriate
storage conditions were being employed. Additionally, regional differences in toxin levels
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highlighted the necessity for targeted monitoring to ensure the safety of hops in the brewing
and pharmaceutical industries.

In another study, Inglis et al. (2024) explore the application of machine learning
(ML) in mycotoxin detection. Traditional laboratory analyses, while effective, are time-
consuming and impractical for large-scale screenings. ML applications have emerged as
promising alternatives, offering accuracy and efficiency. Inglis reviews recent ML models
used for mycotoxin detection, noting that neural networks, particularly convolutional
ones, dominate the field. However, challenges remain, including the lack of detailed
reporting on hyperparameters and open-source code, which hampers reproducibility and
the optimization of models.

Expanding on mycotoxin-induced toxicity, Pauletto et al. (2023) investigate the protec-
tive role of quercetin (QUE) against aflatoxin B1 (AFB1) in bovine fetal hepatocyte-derived
cells. AFB1 induces oxidative stress, inflammation, and transcriptional changes linked to
carcinogenesis. Encouragingly, QUE reduced AFB1-induced cytotoxicity and the peroxi-
dation of lipids, exerting broader transcriptional modifications than AFB1 alone. Notably,
QUE reversed AFB1-induced alterations in the enzymatic activity of CYP3A, further sup-
porting its protective role. These findings pave the way for in vivo studies that explore the
potential role of QUE in mitigating aflatoxicosis.

Additionally, Trombetti et al. (2025) examine the hepatotoxic effects of exposure to
AFB1 and OTA in Wistar rats and evaluate the mitigating properties of fermented whey
(FW) and pumpkin (P). Proteomic analysis revealed the significant downregulation of
differentially expressed proteins (DEPs) in the presence of AFB1 and OTA, suggesting a
synergistic toxic effect. However, FW and P supplementation helped counteract these harm-
ful effects, underscoring their potential application as functional ingredients in mitigating
mycotoxin-induced damage.

Exploring alternative protective strategies, Cadenillas et al. (2024) investigate the
antifungal effects of plant extracts against AFB1. Extracts from Annona muricata and Uncaria
tomentosa inhibited the synthesis of AFB1 in a dose-dependent manner, correlating with
their polyphenol content. More specifically, catechin and epicatechin played crucial roles
in the inhibition of AFB1, with catechin reducing the production of toxins by 45% at
concentrations comparable to the extracts. These findings highlight the potential use of
plant-derived compounds as eco-friendly alternatives to synthetic fungicides.

Cherewyk et al. (2023) and Sa et al. (2024) address concerns regarding the stability
and absorption of mycotoxins in food products. Cherewyk’s research on ergot alkaloids in
wheat reveals that the total ergot concentration fluctuates over time, emphasizing the need
for proper storage and timely quantification. Meanwhile, Faria examines the bioaccessibility
of AFBI, enniatin B, and sterigmatocystin in breakfast cereals. Notably, milk significantly
influenced the bioaccessibility of mycotoxins, with variations depending on the milk type.
These insights stress the importance of studying co-occurrence and dietary interactions to
assess the exposure of humans to mycotoxins comprehensively.

Lastly, in a review article, Bridgeman et al. (2024) examine the neurological effects
of acrylamide (AA) and mycotoxins, which frequently co-occur in food matrices such as
cereals and coffee. With a focus on the SH-SY5Y neuroblastoma cell model, this study
analyzed the cytotoxicity, apoptosis, oxidative stress, and axonopathy induced by AA and
mycotoxins over the past decade. Bridgeman highlighted the growing scientific interest in
studying their combined effects, as well as the need for further research into mitigation
strategies. Notably, while bioactive compounds in food have been shown to counteract the
toxicity of mycotoxins, there remains a significant gap in the knowledge regarding AA,
underscoring the need for continued investigation.
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While these findings provide crucial insights into the detection of mycotoxins, their
resistance mechanisms, and mitigation strategies, several questions remain. Standardized
ML models and the long-term effects of food contaminants combined with mycotoxins
require further exploration. Additionally, the stability of mycotoxins in stored food and the
potential for bioactive compounds to counteract toxicity warrant deeper investigation.

The most critical gap in mycotoxin research is the lack of comprehensive data re-
garding human exposure and validated biomarkers for risk assessment. While analytical
advancements, such as the validated HPLC-FLD method for OTA in mice (Beraza et al.),
provide a foundation, there remains a significant need for standardized, sensitive detection
methods that can be employed in human biological matrices (e.g., blood, urine, tissues).
Without robust biomonitoring tools, the assessment of real-world exposure levels and long-
term health effects remains challenging. Additionally, the interplay between mycotoxins
and food components, as well as their cumulative and synergistic toxic effects (e.g., with
acrylamide, as highlighted by Bridgeman et al.), are underexplored. The limited use of
advanced human-relevant models, such as organoids and co-culture systems, also hinders
a deeper mechanistic understanding of mycotoxin toxicity in humans. Addressing these
gaps through interdisciplinary research that combines analytical chemistry, toxicology, and
computational modeling will be crucial for improving risk assessments and developing
targeted mitigation strategies.
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Effect of Acrylamide and Mycotoxins in SH-SY5Y Cells:
A Review
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Abstract: Thermal processes induce the formation of undesired toxic components, such as acrylamide
(AA), which has been shown to induce brain toxicity in humans and classified as Group 2A by the
International Agency of Research in Cancer (IARC), as well as some mycotoxins. AA and mycotoxins’
toxicity is studied in several in vitro models, including the neuroblastoma cell line model SH-SY5Y
cells. Both AA and mycotoxins occur together in the same food matrix cereal base (bread, pasta,
potatoes, coffee roasting, etc.). Therefore, the goal of this review is to deepen the knowledge about
the neurological effects that AA and mycotoxins can induce on the in vitro model SH-SY5Y and
its mechanism of action (MoA) focusing on the experimental assays reported in publications of
the last 10 years. The analysis of the latest publications shows that most of them are focused on
cytotoxicity, apoptosis, and alteration in protein expression, while others are interested in oxidative
stress, axonopathy, and the disruption of neurite outgrowth. While both AA and mycotoxins have
been studied in SH-SY5Y cells separately, the mixture of them is starting to draw the interest of
the scientific community. This highlights a new and interesting field to explore due to the findings
reported in several publications that can be compared and the implications in human health that
both could cause. In relation to the assays used, the most employed were the MTT, axonopathy, and
qPCR assays. The concentration dose range studied was 0.1-10 mM for AA and 2 fM to 200 uM
depending on the toxicity and time of exposure for mycotoxins. A healthy and varied diet allows the
incorporation of a large family of bioactive compounds that can mitigate the toxic effects associated
with contaminants present in food. Although this has been reported in some publications for
mycotoxins, there is still a big gap for AA which evidences that more investigations are needed to
better explore the risks for human health when exposed to AA and mycotoxins.

Keywords: acrylamide; mycotoxins; food processed contaminants; neurotoxicity; in vitro

Key Contribution: Acrylamide (AA) (0.1 to 10 mM) and mycotoxins (2 fM to 200 uM) causes toxic
effects in neuroblastoma cells, SH-SY5Y. This review highlights the importance of performing studies
based in the mixture of mycotoxins and food processed contaminants such as acrylamide.

1. Introduction

The food baking process is the most important sub-process responsible for the main
chemical, physical, and sensory properties of the final product, as well as the development
of bioactive and antioxidant compounds [1-3]. However, this thermal process induces the
formation of unwanted toxic components, including acrylamide (AA), due to the Maillard
reaction occurring at high temperatures [1,4-6]. In detail, the Maillard reaction involves
three major steps: (i) condensation of free amino groups (such as asparagine) with reducing
sugars (glucose and fructose) to form acrolein; (ii) Strecker degradation of amino acids to
aldehydes and ammonia; and (iii) brown nitrogenous compounds combining with acrylic
acid to form AA (Figure 1) [7].

Toxins 2024, 16, 87. https:/ /doi.org/10.3390/ toxins16020087 4 https:/ /www.mdpi.com/journal/toxins
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Figure 1. Proposed mechanism for AA formation as a side reaction of the Maillard reaction.

The compound AA is a colorless and odorless, highly reactive, and water-soluble
crystalline compound with a low molecular weight of 71.08 kDa. AA is used in many
different industrial areas, such as water treatment and the production of paper, fabrics,
or cosmetics, and is widely employed in laboratories for gel chromatography [8]. The
widespread use of AA causes a high level of occupational exposure by inhalation and skin
contact [9]. Furthermore, in 2002, Swedish researchers reported that several heat-treated
carbohydrate-rich foods contained significantly higher levels of AA than other known food
carcinogens [6]. However, several factors can influence the level of AA formation in foods,
such as the type of raw materials, product composition, pH, and moisture. In addition,
the highest levels of AA are detected in foods derived from thermal processes involving
the frying and browning of potatoes, cocoa beans, and coffee roasting, and the baking of
cereals and cakes [10]. It is interesting to highlight that AA was classified as a compound
“possibly carcinogenic to humans” by the International Agency for Research on Cancer [11]
and classified in Group 2A. Likewise, the European Commission (2017) [12] classifies AA
as a Class 1B carcinogen and mutagenic substance and Class 2 for reproductive toxicity,
while the European Chemicals Agency (2022) [13] has included AA in the list of substances
of very high concern. Therefore, it is of great interest, and further studies of AA toxicity are
necessarily required to assess the potential risk for human health.

The toxicodynamic characteristics associated with AA are based on rapid absorp-
tion in the blood and wide distribution to tissues due to its low molecular weight and
high solubility properties [14]. AA is mainly metabolized in the liver and brain by the
glutathione-S-transferase enzyme, forming N-acetyl-S-(3-amino-3-oxypropyl)-cysteine [15].
Moreover, AA can be converted by cytochrome P450 2E1 (CYP2E1) to glycidamide (GA),
a more reactive epoxide that can react with hemoglobin and DNA [16,17]. Thus, GA is
responsible for the mutagenic and carcinogenic effects of AA in vivo [18]. AA has been
shown to induce systemic side effects in animals, while brain toxicity has been detected
in humans [19,20]. It has also been reported that AA neurotoxicity is associated with the
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imbalance between oxidation and antioxidant function brought on by lipid peroxidation
and a rise in intracellular reactive oxygen species (ROS) [8].

Mycotoxins are toxic compounds produced by various Aspergillus, Penicillium, Fusar-
ium, and Trichoderma fungal species that are health-hazardous poisons frequently present
in various agricultural products, including grains, nuts, and spices [21]. These toxins
pose significant health risks to humans and animals when consumed [22]. Understanding
the effects of mycotoxins on different cell types is crucial for assessing their toxicological
impact [23-25].

Studying mycotoxins in vitro using SH-SY5Y cells allows researchers to assess their
potential neurotoxic effects and elucidate the underlying mechanisms of toxicity. These
studies involve exposing the cells to various concentrations of specific mycotoxins, such as
ochratoxin A (OTA) or fumonisins, and evaluating their impact on cell viability, morphol-
ogy, proliferation, apoptosis, oxidative stress, neurotransmitter function, and other relevant
endpoints [26,27].

Likewise, the European Commission has reported more than 400 alerts for fungal
contamination in food and feed, with OTA being one of the most reported toxins, accounting
for 10% of the notifications [28].

Nowadays, there is a strong effort toward studying the combination of compounds
that can occur in the same food matrix, environment, or are daily ingested through the
diet, especially regarding the effects that mixed compounds can cause. AA and mycotox-
ins neurotoxicity is reviewed in several in vitro models, including undifferentiated and
differentiated human neuroblastoma cell line (SH-SY5Y) models. SH-SY5Y cells are used
in toxicological research to assess neuronal differentiation, metabolism, and function, as
well as in neuroadaptive, neurodegenerative, and neuroprotection processes [29]. The
human SH-SY5Y cells are a subclone of SK-NSH, which, once stimulated with retinoic acid
(RA), differentiates into dopaminergic neuron-like cells, acquiring many biochemical and
functional properties of neurons [30,31].

Moreover, despite numerous reviews offering scientific insights into the chronic expo-
sure [32], toxicity [33,34], presence in food [35], and various extraction procedures [36,37]
related to AA and mycotoxins individually, there remains an unaddressed gap in the
literature: a review uniting the toxic effects of AA and mycotoxins within an in vitro model,
such as SH-SY5Y cells. In addition, a new study establishes the combined effects of these
compounds in SH-SY5Y cells, emphasizing the importance of collecting data on AA and
mycotoxins individually to understand their mechanisms of action [38]. Furthermore, the
interest in the shared toxic effects documented in both acrylamide (AA) and multiple my-
cotoxins is not just due to their occurrence in our diets but also attributable to the potential
combination of these effects, raising important implications for human health, particularly
concerning neuronal impacts. Therefore, this review aimed to evaluate the effects of AA
and mycotoxins as well as their mechanism of action (MoA) in the human neuroblastoma
cell line SH-SY5Y, as reported in studies of the last 10 years.

The results have been organized according to findings of AA and mycotoxins that
might coexist together in food and cereal food-based products. Thus, the section has been
divided into the following sub-sections: cytotoxicity, apoptosis, oxidative stress, network
degeneration, signaling pathways, protein expression, and natural compounds against the
adverse effects of AA.

2. Cytotoxicity
2.1. Acrylamide (AA)

Non-viable or dead cells are associated with a loss of membrane integrity, which
is accomplished by alterations in the movement of molecules either into or out of cells
across membranes that have become leaky [39]. Cytotoxicity assays are convenient for
understanding the dose- and time-dependent toxicity of chemicals and their reversibility
and impacts on the cell cycle. Multiple methods are known, depending on their endpoints;
some are based on a visual morphological scoring process (e.g., elution test, direct and
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indirect contact), while other methods use colorimetric and numbering rapid analysis
techniques [i.e., trypan blue exclusion, propidium iodide uptake, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), etc.] [40].

In this sense, to find out the cytotoxicity of AA at the neuronal level, several authors
investigated the cytotoxicity by MTT assay in SH-SY5Y cells when incubated with differ-
ent concentrations of AA for 24 h [41]. Reductions in cell viability were detected from
15% to 40% in SH-SY5Y cells treated with AA (from 2 to 5 mM) in a dose-dependent
manner [41-43]. Furthermore, changes in the shape of cells were detected after exposure to
2.5 or 5 mM of AA, for 24 h, as most cells shrank, and the cell body became round [41]. In
the same line of research but one step forwards, the same group of investigators studied
the protective effect of curcumin on AA-induced cytotoxicity for which SH-SY5Y cells
AA-treated from 2.5 to 10 mM obtained a decrease in the number of living cells from 14%
to 61% with respect to the control by a CCK8 assay [42], while the treatment of SH-SY5Y
cells with 100 uM of a-lipoic acid (LA) suppressed AA apoptosis induction and the loss of
cell viability.

Similarly, comparing the cytotoxicity of SH-SY5Y and a human glioblastoma cell
line (U-1240 MQG), in different time- and dose-dependent assays, it was shown that upon
treatment with AA from 0.1 to 2 mM up to 72 h, SH-SY5Y viability was significantly
reduced up to 40% upon exposure to 2 mM AA; while for U-1240 MG cells, viabilities were
significantly reduced up to 92% for that same concentration of AA (2 mM) [44]. Coinciding
with the results for SH-SY5Y cells in reducing viability, significance was also reported at
100 pM and after 72 h of exposure [45].

In addition to the common cytotoxic assay of MTT, viability alterations produced by
AA have been carried out by SF assay [46], and trypan blue and lactate dehydrogenase
leakage (LDH) [47]. The effects reported for SH-SY5Y cells by SF assay revealed that
viability was altered at high concentrations of AA (10 mM) causing definite cellular damage
and cell death at short times of exposure (8 h) [46]; while cytoxicity evaluation by trypan
blue exclusion and LDH leakage was reported at the same doses of AA (10 mM) but, in
this case, at 6 h with a viability decreased by 38% [47]. Compared with U-1240 MG cells,
at 24 h, a reduction in viability of 20% and 35% at 5 and 10 mM was shown, respectively,
concluding that the cell viability reduction in U-1240 MG cells was less than that reported
for SH-SY5Y cells [47].

Another study carried by Okuno et al. (2006) [48], also in SH-SY5Y cells, showed that
AA cytotoxicity was dose (0.5-5 mM) and time (1-24 h) dependent, by the fact that trypan
blue exclusion decreased and LDH leakage increased [48]. The WST-8 assay is another
assay for cell viability and it was compared with LDH leakage on SH-SY5Y exposed to a
concentration range of 1-5 mM AA [49]; the results revealed a WST-8 decrease and LDH
increase according to the AA dose, but it helped to confirm the previous results [49].

On the other hand, the possibility of SH-SY5Y cells to be differentiated as neurons
allowed researchers to study the effect of AA by the LDH assay, revealing that it was largely
non-cytotoxic at 1 h of exposure, except at higher doses (10 mM); this was similar to the
results when undifferentiated SH-SY5Y cells were tested [50].

Furthermore, Frimat et al. (2010) [51] demonstrated through the viability assay with
CellTiter-Blue that an AA concentration of 5 mM reached a 50% inhibition concentration
(ICsp) for SH-SY5Y cells, while 0.26 mM caused a 20% reduction in the network formation
equivalent to the control at 24 h of exposure.

In another study, the basal cytotoxicity was determined by measuring the total cel-
lular protein content, and the total protein from the 50 S subunit (TP5p) and TPy values
(1.34 mmol/L and 0.61 mmol/L, respectively) reflected severe and moderate cytotoxicity,
respectively, in SH-SY5Y cells exposed to AA [52].

However, other authors showed that 0.5-2.0 mM of AA did not produce any cyto-
toxicity (assessed by fluorescence microscopy) at 24 h, but concentrations higher than
4 mM caused a significant loss of HuD-positive neurons (58% of control) and a decrease in
axon number by 21% with respect to the control [53]. Similarly, as proved by Calcein-AM
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assay, (a fluorescence-based cell viability assay), 1 mM of AA had no statistically significant
toxicity at 48 h in SH-SY5Y cells or the embryonic carcinoma cell line (P19) derived from an
embryo-derived teratocarcinoma in mice; however, it was cytotoxic for pheochromocytoma
of the rat adrenal medulla (PC12) cells [54]. A study of cytotoxicity through fluorescence
microscope observation by cytotoxicity tests using the Live/Dead Cell Staining Kit II
following exposure to different concentrations of AA (0.01, 0.28, 7 mM) in the SH-SY5Y
cell line at 24 h reported that the ratios significantly decreased at 0.28 mM and 7 mM,
respectively [55].

In order to obtain more accurate results, the cytotoxicity of AA on SH-SY5Y cells
was studied by MTS assay and the toxicity after 24 h of incubation was evaluated [56].
The amount obtained in the abluminal concentration after 1 h was also measured in the
blood-brain barrier (BBB) model, to finally compare the results of cytotoxicity between
AA assayed directly in SH-SY5Y after 24 h with the AA obtained after passing through an
in vitro BBB (4 d/24 w) model for 1 h. It was proved that AA was cytotoxic at 100 uM in
SH-SY5Y at 24 h, but not the abluminal AA concentration after BBB transport [56].

2.2. Mycotoxins
2.2.1. Beauvericin (BEA)

Studies on the impact of BEA on SH-SY5Y cells have illustrated varied results, predom-
inantly through the utilization of the MTT assay. Viability was shown to be reduced by 50%
during a 72 h exposure at 2.5 uM, with some studies citing a 43% decrease in viability at
the highest concentration assayed (2.5 M) after 48 h of exposure [57-60]. Diverse findings
have been noted regarding ICs( values at different exposure times, such as 1.9 pyM at 6 h,
1.7 uM at 24 h, and 1.5 pM at 48 h [61,62]. LDH leakage was also found to be induced by
1 uM of BEA, corroborating results obtained by the MTT assay [61].

2.2.2. Deoxynivalenol (DON)

Regarding the effects of DON in SH-SY5Y cells, the MTT assay was carried out for
both studies, but with different concentrations and results. The ICsy for Pérez-Fuentes
N. et al. 2021 [61] was 2.25 uM at 24 h, but 120 uM for Kalagatur et al. [63] at the same
time. Pérez-Fuentes N. et al., 2021 [61] did not find any increase in the extracellular LDH
level, but Kalagatur et al. [63] reported a directly proportionate extracellular LDH level in
comparison to the MTT assay.

2.2.3. Enniatin A and Enniatin B (ENN A and ENN B)

Six hours of ENN A exposure resulted in a 41.0 £ 8.5% drop in cell viability at 2.5 uM
and 94.3 £ 1.6% at 5 uM, respectively, with total inhibition at 10 uM. After incubation for
24 and 48 h, cell viability at 2.5 and 5 pM showed a decrease greater than 74.5%, and at the
highest tested dose, a complete reduction was observed once more. Concerning ENN B,
cell viability did not reach total inhibition at the highest dose at 6 h [61]. Nevertheless, at
24 h, ENN B had an ICs; of 0.43 uM. Also, ENN A increased LDH release at 5 and 10 uM
at 24 and 48 h. After treatment for 24 h, ENN B increased LDH release by roughly 20%
at values higher than 0.25 uM. After 6 h of incubation, at 5 and 10 tM, ENN A showed
substantial differences from control cells (79.0 £ 8.9% and 67.7 £ 14.5%, respectively) [61].

2.2.4. Fumonisin B1 (FB1)

Concerning the effects of FB1, several studies investigated the toxic potential of this
mycotoxin in SH-SY5Y cells. In total, 100 uM of FB1 decreased the cell viability of SH-SY5Y
cells after incubation for 48-144 h [64]. In the same line but at lower exposure times, after
48 h of incubation, FB1 reduced the cell viability at the highest concentration (30 uM), and
it appeared to promote cell proliferation at the lowest doses (0.1 uM) after 24 and 48 h.
Furthermore, no ICsy was found, and in the LDH assay no cytotoxic effects were shown
following FB1 treatment [62]. Similarly, in another study, 50 uM treatment of FB1 was
compared to the control, and LDH was released at 12 h, but this release decreased at 24 h
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and at 48 h of treatment and there was no difference from the control [65]. Then, Domijan
etal. (2011) [66] investigated how FB1 (at concentrations ranging from 0.5 to 200 M) affected
the viability of cell cultures after 24 h of exposure. None of the FB1 concentrations utilized
in the experiment caused cell death in neuroblastoma cells. Neuroblastoma cells treated for
24 h with the maximum FB1 dose (200 uM) showed 98.0 + 1.85% cell survival.

2.2.5. Ochratoxin A (OTA)

Concerning the viability of SH-SY5Y cells treated with OTA, the ICs5j values observed
for 24 h and 48 h were 9.1 uM and 5.8 uM, respectively [67]. A significant decline in viability
was noted beyond concentrations exceeding 3.12 uM or 6.25 uM for 24 h and 48 h, resulting
in a decrease from 74% to 25% and from 80% to 49% at 24 h and 48 h, respectively [67].
Similarly, less dramatic decreases in mitochondrial activity were observed under different
concentrations of OTA treatment (74 & 12 and 74 £ 44% control at 10 and 100 uM OTA,
respectively) at 24 h, and the LDH activities of OTA at 1, 10, or 100 uM were 128 £ 1,
125 £ 2, and 200 =+ 1% of the untreated control [68].

2.2.6. T-2 Toxin

Regarding the exposure of SH-SY5Y cells to the T-2 toxin, this resulted in a significant
decrease in cell viability, with percentages of 81.9%, 40.8%, and 35.5% observed for cells
exposed to 5, 10, and 20 ng/mL of the toxin for 48 h, respectively. Additionally, LDH levels
were significantly elevated by 1.8, 2.9, and 3.2 times compared to the control group [69].

2.2.7. Zearalenone (ZEA) and Its Metabolites

Referring to ZEA effects on SH-SY5Y cells, the MTT assay stated that at 6 h of incuba-
tion, ZEA did not cause any cell damage. However, it significantly reduced cell viability
when the concentration exceeded 20 uM at 24 and 48 h, resulting in a reduction of more
than 50% compared to the control cells. The inhibitory concentration (ICsy) of ZEA was de-
termined to be 17.4 uM [61]. However, after 24 h of ZEA treatment, in a previous study [70]
similar results were obtained in SHSY5Y cells with a significant decrease in cell viability
even at a lower concentration (25 uM). The viability of SH-SY5Y cells decreased by as much
as 86% at 200 uM ZEA [70]. Regarding the cell viability in ZEA metabolites (x-ZEL and
-ZEL), the following IC5 values were obtained for a-ZEL: 20.8 at 48 h, 14.0 at 72 h and
for p-ZEL:94.3 at24 h,9.1 at48 h, and 7.5 at 72 h [59].

In summary, we can state that AA produces cytotoxicity in SH-SY5Y cells, at high
concentrations (5 mM or higher), and that in lower concentrations it reduces cell viability
in a time- and dose-dependent manner (Table 1). On the other hand, mycotoxins produce
cytotoxicity at low concentrations of 200 uM or less and this is time- and dose-dependent
in some cases. The most cytotoxic compound was ENN B, followed by DON and ENN
A. (Table 2). Therefore, AA and mycotoxins directly affect cell viability in all cell models
studied; the most sensitive cells exposed to AA were PC12, followed by SH-SY5Y, and
U-1240 MG.

Table 1. Cytotoxicity in SH-SY5Y cells. AA exposure conditions, assays, and effects.

Dose Exposure Time Assays Effects References
1to 10 mM 8h Cell Count Reagent SF At10 mM AA [46]
1-5 mM 16 h,20h Caspase-3 activity At 1-5 mM [45]
Reduction of 14%, 35%,
2.5,5,7.5,and 10 mM 24 h CCK8 48%, and 61%, [42]
respectively
Reduction of 60% and
0.8, 20 and 500 pg/mL 24 h MTT 70% at the higher [55]
concentrations
2,2.5,3,4and 5 mM 24h MTT Reduction of 10%, 18%, [41]

200/0, 250/0, and 30%
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Table 1. Cont.

Dose Exposure Time Assays Effects References
1.25,2.5,5mM 24h MTT Significant loss of cell [43]
viability
CellTiter-Blue Cell 1Cs5¢p 5 mM
0-500 mM 24h Viability Assay Nl 0.26 mM (521
1,10 and 100 uM 24h MTT, ATP, Caspase 100 wM reduced cell [56]
viability
0.5-2.0 mM of AA was
not cytotoxic; 4 mM,
.1 .4 produced a significant
0.01 mM to 12 mM. 24h Pr"p‘f;{lcz;?ﬁﬁe and %) o5 of HuD-positive [42]
neurons (58 4+ 7%), and
the number of axons
decreased to 21 + 5%
0.5-5 mM 24 h Trypan blue Cytotoxic at 5 mM [48]
AA was cytotoxic at
0.1-10 mM 24 h LDH assays 10 mM [49]
Calcein-AM,
0.1-1000 uM 48 h BIHI-tubulin,and LDH  10% reduction at 1 mM [54]
assay
0-1000 uM 72 h Total protein content >1000 uM ICsx [52]
10 mM reduced 38%
0,05,1,2,5 and 10 mM 0,6,12,24,48,and 72h  Trypan blue and LDH cell viability at 6 h [47]
0,0.1,05,1,and 2 mM 24,48, 72 h MTT Reduction of 20%, 30%, [44]
and 50%
Reduction of 30% (48 h)
and 90% (72 h)
24,48, and 72 h; 3, 6, BradUrd, Sub-Gq, .
1-1000 uM. and 10 days. 3H-thimidine, and MTT At 100 uM or higher [45]

viability decreased at
Day 3 and 6.

AA: acrylamide, ATP: adenosine triphosphate, CCK8: Cell counting kit-8, IC5: 50% inhibition concentration,
LDH: lactate dehydrogenase, MTT: (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide), NIyp: 20%

reduction in network formation.

Table 2. Cytotoxicity in SH-SY5Y cells. Mycotoxin, exposure conditions, assays, and effects.

Mycotoxin Dose Exposure Time Assays Effects References
MTT ICs0: 2.25 uM at 24 h; 1.5
0-10 uM 6hand 24 h LDH at48h [61]
DON Not cytotoxic
MTT
0-200 uM 6hand 24 h LDH ICsp: 120 uM at 24 h [63]
0.009-25 uM 24h,48h,and 72 h MTT assay BEA ICgy: 2.5at72h [59]
Decrease of 43% in cell
0.08-2.5 uM 24hand 48 h MTT assay viability at 2.5 uM after [60]
48 h
0.08-2.5 uM 24 hand 48 h MTT assay ICs5p. 25 uM at 72 h [58]
IC509: 3.2 uM at 24 h;
BEA 0.08-25 uM 24hand 48 h MTT assay 5uM at48 h [62]
1Cs0: 1.9 uM for 6 h,
1.7 uM for 24 h, and
0.1-30 uM 6h,24h,and 48 h i/IDT; :zz:y 1.5 uM for 48 h [61]
y Inducing LDH leakage
at1 uM
0-2.5 uM 24 h,48h,and 72 h MTT assay ICs5p at 72 h was 2.5 uM [57]
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Table 2. Cont.

Mycotoxin Dose Exposure Time Assays Effects References
IC5()Z
«-ZEL: 20.8 at 48 h, 14.0
0.39-100 uM 24h,48h,and 72 h MTT assay at72h [59]
B-ZEL:94.3 at 24 h, 9.1
at48h,and 7.5at72h
N B-ZEL: 6.25,12.5, and
ZEA o-ZEL and 0.4-12.5 uM 24hand 48 h MTT assay 25 1M from 31% to 82% [60]
B-ZEL ZEA presented a ICsg of
17.4 uM
0.1-30 uM 6h,24h, and 48 h i/IDT; zzzzy LDH leakage at 20 uM [61]
y (9.1 + 8.9%) and 30 pM
(19.5 +4.3%) at24 h
25,50, 75, 100 and MTT assay Decreased by 86% at [70]
200 uM LDH 200 UM
MTT assay At 30 uM after 48 h
0.1-30 uM 6h,24h and 48 h LDH assay LDH not cytotoxic [61]
FB1
50 uM 12h,24h,and48h  LDH assay FB1 led to LDH release [65]
at12h
ENN A ICsq of 2.4 uM at
6 hand 2.25 uM at 24 h
ENN B ICs of 0.43 uM
at24 h
, MTT assay ENN A increased LDH
ENN'’s 0.1-30 uM 6h,24h,and 48 h LDH assay at5and 10 uM at 6 h [61]
and 24 h
ENN B showed LDH
release of 20% at
0.25 uM after 24 h
LDH at 1, 10, or 100 uM
1,10, or 100 uM 30, 60 min, 24 h, LDH were 128% + 1%, 125% [68]
+ 2%, and 200% =+ 1%
OTA ICs0: 9.1 tM at 24 h;
0.2-50 uM 24hand 48 h MTT assay 5.8 UM at 48 h [67]
130-0.20 nM 24h,48h, and 72 h MTT assay No ICs was reached [71]
7 days
Viability reduced 81.9%,
at 5ng/mL, 40.8% at
CCK-8 10 ng/mL, and 35.5% at
T-2 5-20 ng/mL T-2 148 h assay 20 ng/mL [69]
LDH assay LDH levels were
increased by 1.8, 2.9, and
3.2 times

BEA: Beauvericin, CCK8: Cell counting kit-8, DON: Deoxynivalenol, ENN’s: enniatin, FB1: Fumonisin B1,
IC50: 50%inhibition concentration, LDH: lactate dehydrogenase, MTT: (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl
tetrazolium bromide), OTA: Ochratoxin A, ZEA: Zearalenone, x-ZEL: alpha-zearalenol, 3-ZEL: beta-zearalenol.

3. Apoptosis
3.1. Acrylamide (AA)

In order to assess cellular apoptosis, the levels of mono- and oligonucleosomes were
monitored in SH-SY5Y and U-1240 MG cells treated with AA. This revealed an increase
in the enrichment factor of both mono- and oligonucleosomal fragments in both cell lines
when exposed to concentrations ranging from 0.5 to 10 mM of AA over a period of 0 to
72 h. In SH-SY5Y cells, the levels of DNA fragments showed a significant increase with
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longer exposure times and higher concentrations of AA. On the other hand, U-1240 MG
cells exhibited apoptotic responses only after 48 h of exposure to all concentrations of AA,
except at 0.5 mM [47]. Moreover, when SH-SY5Y cells were treated with 2.5 mM of AA for
24 h, there was an approximately four-fold increase in the total apoptotic rate compared to
the control group [38]. However, inhibiting c-Jun N-terminal kinase (JNK) using a nuclear
factor kB (NF-«B) inhibitor led to a reduction in both early and late apoptosis in AA-treated
cells [41].

To investigate the potential role and underlying mechanism of Sphingosine Kinase 1
(SphK1) in AA-induced nerve injury in SH-SY5Y cells, the expression of SphK1 was exam-
ined. It was observed that SphK1 levels decreased in correlation with increasing concentra-
tions of AA. Specifically, after exposure to AA, the apoptosis rates and activation of SphK1
increased proportionally with the AA concentration [72]. At concentrations of 1.25 mM
and 2.5 mM, the apoptosis rates were 3.06% =+ 0.13% and 6.86% =+ 0.67, respectively, while
in the SphK1 activator group, the rates at the same concentrations were 2.12% =+ 0.33%
and 3.53% = 0.17, respectively [72]. Furthermore, in a related study, Ning et al., 2021 [68],
took the investigation a step further by using AA as a model to induce apoptosis in ze-
brafish, exposing them to 10 mM of AA. This resulted in the observation of AA-induced
neuroapoptosis through fluorescent assays in the zebrafish [73].

3.2. Mycotoxins
3.2.1. Beauvericin (BEA)

Regarding cell cycle alterations, BEA significantly reduced the percentage of viable
cells, producing an increase in apoptotic cell death of 55.9% =+ 8.6% [61]. Similar results were
obtained by Agahi et al., 2021 [74], who stated that apoptotic/necrotic cells increased for
both times of exposure, which was up to 89% for 24 h and up to 38.8% for 48 h. Furthermore,
Agahi et al., 2021 [74] observed that after 48 h of exposure, there was a notable increase in
necrotic cells at 0.39 and 0.78 uM by almost two times compared to control cells.

3.2.2. Deoxynivalenol (DON)

In the case of DON, Kalagatur et al. [63] reported that a dose of 120 pM induced DNA
damage and led to the formation of apoptotic nuclei.

3.2.3. Enniatin A and Enniatin B (ENN A and ENN B)

ENN A and ENN B reduced cell viability, producing an increase in apoptotic cell death
of 49.2 + 8.2% and 46.0 £ 9.3%, respectively [61].

3.2.4. Zearalenone (ZEA) and Its Metabolites

ZEA, on the other hand, did not produce a significant increase in cell death at the
concentrations tested [61]. Nevertheless, x-ZEL treated cells increased significantly in
apoptotic and apoptotic/necrotic cells at 24 h. And 3-ZEL showed a significant increase
in apoptotic cells exposed to the highest concentration assayed (12.5 uM) after 24 h and
48 h [74].

AA increases the apoptosis rate in neuronal cells (SH-SY5Y and U-1240 MG cells)
proportional to the AA concentration, as well as to the time of exposure. Activating SphK1
could improve the survival rate of SH-SY5Y cells and reduce the apoptotic rate. Also, it has
been shown to produce neuroapoptosis in zebrafish (Table 3). Mycotoxins like BEA, ENNS,
and ZEA metabolites (x-ZEL and 3-ZEL) could reduce the cell viability in SH-SY5Y cells
and produce an increase in apoptotic cell death (Table 4).
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Table 3. Apoptosis in SH-SY5Y cells. AA exposure conditions, assays, and effects.

Dose Time Assays Effects References
I . The early apoptotic rate was 5.5%, the late
2.5mM 24h Annexin V-FITC/PI apoptosis apoptotic rate was 11.8% [42]
2.5mM 24h Annexin V-FITC/PI apoptosis Induced apoptosis [41]
0.5-10 mM 0-72h DNA fragme.ntatlon detection DNA fragments increased [47]
(mono and oilgonucleosomes)
1.25-2.5 mM 24 h Annexin V-FITC/PI apoptosis Increased with increasing AA concentrations [72]
AA induced neuroapoptosis in zebrafishes
10 mM 24h ELISA and cytometry and produced free radicals [73]
AA: acrylamide, DNA: deoxyribonucleic Acid, JNK: c¢-Jun N-terminal kinase, NF-«B: nuclear factor kB, SH-SY5Y:
neuroblastoma cell line.
Table 4. Apoptosis in SH-SY5Y cells. Mycotoxins exposure conditions, assays, and effects.
Mycotoxin Dose Exposure Time Assays Effects References
0-10 uM 6hand 24 h Cell cycle, FC Did not produce cell [61]
death
DON Induced toti
g . nduced apoptotic
0-200 uM 6hand 24 h Apoptosis by FC nuclei formation [63]
Cell cycle arrest at
G0/Gl1;
2.5,1.25,0.78 and Cell cycle Apoptotic/necrotic cells
0.39 uM 24hand 48 h Apoptosis/necrosis  increased up to 89% for (741
BEA 24 h and up to 38.8% for
48 h
FC analysis Increase of 55.9 £ 8.6%.
0.1-30 uM 6h,24h,and 48 h (Apoptosis) in apoptotic cells [61]
Concentration-
dependent increase in
GO0/G1 phase at 24 h;
a-ZEL increased
apoptotic and
12.5,6.25,3.12, and 24hand 48 h Cell. cycle . apoptotic/necrotic cells [73]
7ZEA «-ZEL and 1.56 uM Apoptosis/necrosis at 24 h:
B-ZEL B-ZEL increase
apoptotic cells exposed
to 12.5 uM after 24 and
48 h
FC analysis Did not produce cell
0.1-30 uM 6h,24h,and 48 h (Apoptosis) death [61]
Cell viability e
48 h, 72 h, and . 3. Viability decreases at
0.1-100 uM 144 h (propidium 100 uM at 48-144 h [64]
Todide)
FB1 B FC analysis Did not produce cell
0.1-30 pM 6h,24h,and 48 h (Apoptosis) death [61]
50 uM 12h,24 h,and 48 h ApOp’E;Séi assay Induced apoptosis [65]
Increase in apoptotic cell
, FC analysis death of 49.2 4+ 8.2% at
ENN's 0.1-30 uM 6h,24h and 48 h (Apoptosis) 24 h and 46.0 & 9.3% at [61]
48 h
Low OTA doses altered
OTA 130-0.20 nM 24h, 4? géizd 72h Cell cycle (FC) neuronal differentiation [71]

and cell cycle

BEA: Beauvericin, DON: Deoxynivalenol, ENN'’s: enniatin, FB1: Fumonisin B1, FC: flow cytometry, OTA:

Ochratoxin A, ZEA: Zearalenone, x-ZEL: alpha-zearalenol, 3-ZEL: beta-zearalenol.
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4. Oxidative Stress
4.1. Acrylamide (AA)

The study of ROS in the SH-SY5Y cell line revealed an accumulation after AA expo-
sure [46]. These results are supported by those reported indicating an intracellular decrease
in glutathione (GSH) production in a dose-dependent manner and increased malondialde-
hyde (MDA) and ROS generation when SH-SY5Y cells were treated with 2.5 and 5 mM
of AA [41]. Furthermore, when SH-SY5Y cells were exposed to AA at 2.5 mM for 24 h, it
caused oxidative stress as revealed by the distinct increase in cellular ROS and the MDA
level and a significant decrease in GSH content [42].

4.2. Mycotoxins
4.2.1. Beauvericin (BEA)

In view of the effects on cytotoxicity and apoptosis that mycotoxins had, oxidative
stress was analyzed by several authors. Agahi et al. [75] studied the ROS production and
the GSH/GSSG ratio in which BEA produced a slight decrease at 1.25 and 2.5 uM, from
45 to 120 min compared to the control, and GSH/GSSG ratio increased after 24 h in cells
exposed to BEA from 103% to 142%. Subsequently, in the same line of investigation, they
studied the activity of GPx, GST, CAT, and SOD [76]. The results showed an increase
ranging from 9- to 17-fold and from 2- to 9-fold after 24 h and 48 h, respectively. Also, BEA
increased GST activity at doses above 0.78 uM for 48 h of exposure by 4-32%. CAT activity
was not altered when cells were exposed to the BEA mycotoxin. Finally, SOD activity
increased significantly after being exposed to BEA after 48 h by up to 1-fold. In other
study [61], the mitochondrial membrane potential measurement was analyzed, concluding
that BEA had the capacity to depolarize the mitochondrial membrane at concentrations
ranging from 2.5 to 10 uM at 6 h and 24 h.

4.2.2. Deoxynivalenol (DON)

Also, Kalagatur et al. [63] reported that at 120 pM, DON induced ROS and oxidative
stress over the induction of LPO and exhaustion of antioxidant enzymes (GSH, CAT, and
SOD). Also, DON induced MMP loss [63].

4.2.3. Enniatin B (ENN B)

At 24 h, this emerging toxin affected the A¥Ym value at all of the concentrations tested.
ENN B treatment altered A¥Ym at the highest doses employed (5 and 10 uM) after 6 h of
incubation and caused differences at 24 h [61].

4.2.4. Fumonisin B1 (FB1)

In terms of oxidative stress, FB1 treatment resulted in a markedly higher production
of ROS as compared to control cells. Additionally, they measured the amount of ROS
accumulation in the mitochondria and found that FB1 therapy, independent of treatment
duration, enhanced ROS accumulation in the mitochondria [65]. It is interesting to note
that adding 0.5 uM of FB1 to neuroblastoma cells increased the rate of ROS by 1.2 times. In
neuroblastoma cells, increasing the FB1 concentration to 5 and 50 uM did not activate the
rate of HEt fluorescence in a dose-dependent manner [66]. On the other hand, at all of the
time points (24, 48, 72, 96, 120, and 144 h) and fumonisin concentrations (0.1 to 100 uM)
employed, treatment with FB1 had no effect on the formation of ROS [64].

When free radical levels are high, ROS can be harmful to cells because they signifi-
cantly reduce the quantity of endogenous antioxidants. One of the main CNS antioxidant
pathways is supplied by GSH. Oxidative stress causes GSH to be oxidized, and CNS dis-
ease results from GSH deficiency [67]. Reduced GSH levels (61% of controls) were seen
in SH-SY5Y cells following a 144 h incubation period with 100 uM FB1, but not at earlier
times or with lower FB1 doses [60].

After incubating with 100 pM FB1 for 24 h, SH-SY5Y cells already showed increased
MDA concentrations [61]. Following a 72 h incubation period, cells exposed to 10 uM FB1
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exhibited elevated MDA levels. MDA levels at the other time periods did not statistically
differ from those of controls [61].

In a different study, the neuroblastoma cells’ cellular Ca?* level considerably increased
following FB1 exposure in comparison to the control group. Following ER stress, cellular
Ca?* is released, which causes the loss of mitochondrial membrane potential and, in
neuroblastoma cells, results in cell death [65]. Nevertheless, Pérez-Fuentes N et al., 2021 [61],
found that 30 uM FB1 treatment did not result in appreciable alterations in the A¥Ym of
SH-SY5Y cells during either of the two incubation periods. While MitoSOX florescence
rose at all doses, only the lowest concentration (0.5 uM) had a discernible impact [66].

4.2.5. Ochratoxin A (OTA)

When it came to ROS, 100 pM OTA for 30 and 60 min, followed by loading cells
with 2 mM DCF-DA for 30 min, showed that OTA increased the intensity of DCF-DA
fluorescence in comparison to the corresponding untreated control cells. This suggests that
OTA-treated SH-SY5Y cells may have been exposed to oxidative stress [68].

4.2.6. T-2 Toxin

In this investigation, ROS levels dramatically increased to 3.8 and 5.0 times, respec-
tively, in cells treated with 5 and 10 ng/mL of the T-2 toxin. As a result, for cells treated
with 5 and 10 ng/mL of the T-2 toxin, the ratio of GSH to GSSG was drastically reduced to
79.8% and 60.7%, respectively. The ATP content dropped to 66.7% and 51.5% at the 5 and
10 ng/mL concentrations, respectively, whereas the mitochondrial membrane potential
decreased to 60.7% and 41.5% at the same concentrations [69].

4.2.7. Zearalenone (ZEA) and Its Metabolites

ZEN administration dramatically boosted the formation of ROS in SH-SY5Y cells in
relation to oxidative stress [70]. Additionally, ZEN administration led to a dose-dependent
increase in MMP loss and lipid peroxidation [60,61]. Regarding the ZEA metabolites,
«-ZEL at 25 uM elevated ROS from 5 to 60 min and moderately decreased from 90 to 120
min in comparison to their control. Conversely, 3-ZEL dropped for 12.5 pM over a 90
min period [75]. After 24 h, the GSH/GSSG ratio in cells exposed to mycotoxins in fresh
media increased dramatically from 111% to 148%, and for «-ZEL and 3-ZEL, from 68% to
131%, respectively [75]. Deepening on our understanding of the harmful consequences of
ZEA metabolites, the study conducted by Agahi et al. [76] examined the effects of x-ZEL
and 3-ZEL on the activity of enzymes in SH-SY5Y cells. The findings showed that «-ZEL
and -ZEL exposure increased the activity of GPx, CAT, and GST at all concentrations
examined, and that SOD and x-ZEL increased the activity of SOD and GST after 48 h.

Summarizing, AA produces an increase in cellular ROS and a reduction in intracellular
GSH at concentrations higher than 2.5 mM for more than 24 h (Table 5). Mycotoxins (DON,
FB1, OTA, T-2 toxin, and ZEA) produced an increase in cellular ROS and in mitochondrial
ROS in the case of FB1, and a reduction in the GSH ratio at concentrations of 120 uM for
DON, 0.5 uM for FB1, 100 uM for OTA, 5 and 10 ng/mL for T-2 toxin, and 12.5 pM for
«-ZEL and 3-ZEL (Table 6).

Table 5. Oxidative stress. AA dose, exposure time, assays, effects, and references.

Dose Time Assays Effects References
10 mM 6h ROS Induces ROS [46]
2.5 and 5 mM decreased intracellular GSH
25 mMand 5mM 24h GSH, MDA, and ROS production and increased MDA and ROS generation [41]
Maximal ROS production; 2.5 mM (+40%)
25mM 24h ROS (DCFH-DA) and MDA content: +100% 2.5 [42]

LPO (MDA, GSH) GSH content: —50% 2.5 mM

DCFH-DA: Dichloro-dihydro-fluorescein diacetate, GSH: glutation, LPO: lipid peroxidation, MDA: malondi-
aldehyde, ROS: reactive oxygen species.
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Table 6. Oxidative stress. Mycotoxins dose, exposure time, assays, effects, and references.

Mycotoxin Dose Exposure Time Assays Effects References
ROS generation by ~ ROS generation for 6 and
fluorometry q 24 ? g
LPO and Induction of LPO an
DON 0-200 M 6hand24h antioxidant exhaustion of antioxidant [63]
enzyme levels enzymes
MMP Induction of MMP loss
ROS decrease at 1.25 and
4 ROS 2.5 ul}/é,ofrom 45 to
2.5,1.25,0.78, an min;
0.39 uM 2h,24h,and 48 h GSH GSH/GSSG ratio [75]
increased from 103% to
142% after 24 h
Glutathione GPx activity, BEA
peroxidase activity ~ promoted a 9- to 17-fold
(GPx) increase after 24 h and a 2-
BEA Glutathione to 9-fold for 48 h;
25 125 0.78. and S-transferase (GST) GST activity, a slight
039 M 24hand 48 h activity increase (4-32% at 48 h) [76]
Catalase (CAT) was obtained, while for
activity SOD, a 2.5-fold increase at
Superoxide 48 h was shown; No
dismutase (SOD) significant differences for
activity CAT were observed
Alteration of
0.1-30 M 6h,24h, and 48 h MMP m‘;‘g?gf‘ﬁfﬁh“gﬁ’;gne [61]
624 h
«-ZEL: at 25 uM increase
from 5 to 60 min;
[-ZEL: decrease at
12.5 uM from 5 to 90 min
and at 25 uM from 15 to
25,125, 120 min, 24 h, and ROS 30 min and from 60 to 751
6.25, and 3.12 uM 48 h GSH GSH/GSSG atio
increased after 24 h at all
concentrations from 111%
to 148%, for «-ZEL and
from 68% to 131% for
B-ZEL
GPx activity increased by
13.5- to 23-fold for «-ZEL
and 9- to 17-fold for
Glutathione B-ZEL For 24 h and 48 h,
peroxidase activity =~ GST increzjl[seg aZf]’fEeﬁ‘ 4t8?1:1102f
GPx exposure to [3- at 3.
EEQ E‘ZZELL Glu(tathi)one and 12.5 uM by 22% and
125 6.25.3.12 and S-transferase (GST) 102%, .re.spe.ctlvely;
56 UM 24hand 48 h activity CAT activity increased [76]
DO R Catalase (CAT) from 0.4- to 1.4-fold for
activity «-ZEL and 1-4.2-fold for
Superoxide -ZEL exposure after 48 h
dismutase (SOD) at all concentrations;
activity SOD activity increased for
«-ZEL up to 1.4-fold, and
for 3-ZEL up to 2.5-fold
after 48 h
ZEA produced a slight
0.1-30 uM 6h,24h,and 48 h MMP decrease at 30 uM after [61]
24 h of incubation
ROS ZEN increased ROS
25,50, 75,100 and Lipid peroxidation  generation, LPO, and loss [70]
200 uM assay of MMP in a
MMP dose-dependent manner
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Table 6. Cont.

Mycotoxin

Dose

Exposure Time

Assays

Effects

References

FB1

0.1-100 uM

48 h,72h, and
144 h

ROS
Lipid Peroxidation
GSH

Did not affect production
of ROS;

100 uM increased MDA
concentrations after a 24 h,
10 uM increased MDA
levels at 72 h,

100 mM decreased GSH
levels (61% of controls) at
44 h

[64]

0.5-200 uM

24 hand 48 h

ROS
MitoSOX

0.5, 5, and 50 uM,
increased ROS production;

All doses increased
MitoSOX florescence

[66]

0.1-30 uM

6h,24h,and 48 h

MMP

No significant changes in
A¥m

[61]

50 uM

12h,24h,and 48 h

ROS
Mitochondrial
superoxide level

Ca?* measurement

Increase in ROS
production, mitochondrial
ROS accumulation, and
cellular Ca?* level

[65]

ENN'’s

0.1-30 uM

6h,24h,and 48 h

MMP

ENN A affected at 5
(79.0 4 8.9%) and 10 uM
(67.7 £ 14.5%,) after 6 h.

At 24 h, ENN A affected to
AY¥Ym at all the
concentrations tested;
ENN B altered AYm at 5
and 10 uM after 6 h and
24h

[61]

OTA

1,10, or 100 uM
OTA

30, 60 min, 24 h,

ROS

100 uM for 30 and 60 min,
indicated the evocation of
oxidative stress

[68]

5-20 ng/mL T-2

1-48 h

ROS level,
GSH /GSSH ratio,
ATP content,
MMP

ROS levels significantly
increased to 3.8 times at
5ng/mL and 5.0 times at
10 ng/mL;

The ratio of GSH to GSSG
decreased to 79.8% at
5ng/mL and 60.7% at
10 ng/mL;
5and 10 ng/mL
decreased the AYm to
60.7% and 41.5%, while
the ATP content decreased
to 66.7% and 51.5%

[69]

ATP: adenosine triphosphate, BEA: Beauvericin, DON: Deoxynivalenol, ENN’s: enniatin, FB1: Fumonisin B1,
GSH: glutatién, LPO: lipid peroxidation, MDA: malondialdehyde, MMP: Mitochondrial membrane potential, ROS:
reactive oxygen species, OTA: Ochratoxin A, ZEA: Zearalenone, a-ZEL: alpha-zearalenol, 3-ZEL: beta-zearalenol.

5. Network Degeneration

Another way to assess how AA exerts effects at a neuronal level is by explaining
whether it degrades or impedes the development of the neural network during the process
of differentiation; a study found that degeneration was not noticeable for the first 48 h after
receiving 1 mM AA treatments, but that the network levels had considerably decreased
by the 72 h mark [77]. In this instance, network deterioration could not be stopped by
co-treatment with BDNF or calpeptin. Similar results were later reported proving that the
number of neurites was significantly reduced after 100 nM following 3 days of exposure
and after 6 days of exposure to 10 pM of AA [45], showing an impairment in the neurite
outgrowth in a time- and dose-dependent manner in future studies [55].

Furthermore, 0.5 mM caused a shortening in SH-SY5Y neurite morphology, while 1
and 2 mM of AA resulted in cells with no neurite morphological extensions [44]. Similar
results were found when cells were treated with 0.25 mM of AA, causing a 50% neurite
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degeneration at 24 h [78]. At 96 h with 4 mM of AA, SH-SY5Y neurites were reduced by
up to 67.7% [53]. Thus, AA induces network degeneration in a dose- and time- dependent
manner [79].

In order to obtain more accurate results, Nordin-Andersson et al., 1998 [79], exposed
differentiated human neuroblastoma (SH-SY5Y) cells to a series of contaminants, among
them AA, studying general cytotoxicity (IC;p) and the neurite degenerative effect (NDj),
concluding after 72 h that the ICyp was 670 mM and the NDyy 250 mM. Thus, the NDyg
values for AA were significantly (65%) lower than the ICy), concluding the induction
of axonopathy. Later on in 2003, during the AA treatment, there were observations of
basal cytotoxicity, morphological modifications, and changes in cell physiological and
neurochemical activities in differentiated human neuroblastoma (SH-SY5Y) cells [52]. After
72 h of exposure, AA caused a 20% drop in the number of neurites per cell at 0.21-0.25 mM
and a 20% decrease in the rate of protein synthesis at 0.17 mmol/L. Moreover, there was
a 49% and 38% rise in the baseline intracellular calcium concentration ([Ca%*]i) fluxes,
measuring 0.25 mmol/L and 0.5 mmol/L, respectively. The SH-SY5Y cells recovered 48 h
after the AA exposure was stopped; that is, their basal level of [Ca*], rate of protein
synthesis, and number of neurites per cell were all similar to those of control cells.

Taken together, AA impairs neurite outgrowth in the SH-SY5Y cell line during differ-
entiation in a time- and concentration-dependent manner, especially after 72 h of exposure.
However, at 48 h after cessation of AA exposure, SH-SY5Y cell recover (Table 7).

Table 7. Axonopathy in SH-SY5Y cells. AA exposure conditions, assays, and effects.

Dose Time Assays Effects References
Neuronal network
0.5mM or 1 mM 0,24, 48, and 72 h integrity (neurites 1 mM AA, at 72 h network [77]
. levels reduction
connections)
Phase-contrast Impairs neurite outgrowth in
100 nm and 10 pm 3 and 6 days . a time- and dose-dependent [45]
microscope
manner
Number and the length of
0.8, 20 and 500 pg/mL 24h Pha§e-contrast processes showec.l a [55]
microscope gradually decreasing
tendency
Biochemical indicators 1 and 2 mM resulted in cells
0.5-2 mM 24,48,72 h for morphologic with no neurite [44]
changes; morphological extensions
0.1-1 mmol/L 72 h Neurite quantification; NDyg 0.21 mmol/L [52]
0.25 mM 24h Axonopathy (neurite 0,25 mM 50% Fleurlte (78]
degeneration assay degeneration
Neuronal and axon 4 mM reduced neuron
4mM 24hand 9% h number number by 96 h, to 67.7% 53]
Dose-dependent from 2.5 to
6 mM 8h Axonopathy 10 mM [79]
Concentration-dependent
250 uM decrease in the number of
670 uM 72h Axonopathy neurites/cells. NDpg: 250 [80]
ICZ(): 670
Differentiated cells were
0.1-10 mM 4h,24h,and 48 h Morphology assay more sensitive to 1 mM [50]

compared with
undifferentiated cells

AA: acrylamide, BDNF: brain-derived neurotrophic factor, ICyy: concentration causing 20% protein reduction,
NDyg: concentration causing 20% neurite degeneration.

6. Signaling Pathways

To fully understand how AA interferes at the neuronal level, various studies scruti-
nized the involvement of different transcription factors crucial in neurodevelopment, cell

18



Toxins 2024, 16, 87

differentiation, apoptosis, and inflammatory responses. These included cAMP response
element-binding (CREB), mitogen-activated protein kinases (MAPKS), JNK, PERK-elF2«,
and C/EBP homologous protein (CHOP), along with the nuclear factor NF-«B.

AA was studied with the CREB protein signaling during neuronal differentiation,
concluding that in the CREB signaling pathway the expression of 17 genes was significantly
changed after exposures to 1 or 70 pM, reporting that AA interferes with important choliner-
gic and dopaminergic neuronal markers during differentiation, which were downregulated
after exposure to 70 pM AA [80].

In other studies [41], the intracellular levels of interleukin 6 (IL-6) and tumor necrosis
factor alpha (TNF-«x) in SH-SY5Y cells were assessed in order to look into the potential
pro-inflammatory effects of AA. The findings showed that, in comparison to the control
value, the TNF-o content was significantly raised following treatment with 2.5 and 5 mM
AA; however, the level of IL-6 was only significantly increased in the 5 mM AA group
when compared to the control group. In addition, nuclear NF-«B and the mitogen activated
protein kinases (MAPK) signaling pathway with JNK and p38 were activated by AA.

The same research group studied the induction of AA in phosphorylated tau ag-
gregation, phosphorylated CREB protein reduction, and Bax/Bcl-2 ratio upregulation in
SH-SY5Y cells at the same concentrations reported above. Furthermore, AA induced glyco-
gen synthase kinase-3(3 (GSK-3f3) and upregulated activating transcription factor 4 (ATF4)
and CHOP in SH-SY5Y cells. It also activated the protein kinase RN A-like endoplasmic
reticulum kinase (PERK)-Eukaryotic Initiation Factor 2 alpha (elF2c) signaling [42].

However, 1.25,2.5, and 5 mM of AA were found to increase the cleavage of caspase-3
and the poly ADP ribose polymerase (PARP) enzyme (the initiator and effector caspases in
the intrinsic apoptotic pathway, respectively). They also decreased Akt phosphorylation
in SH-SY5Y cells, which prevented the activation of the PI3K/Akt pathway [43]. GSH
levels were restored and HyO, stimulation was inhibited by LA pretreatment, which coun-
teracted AA-induced alterations in GSH loss and H,O, production. The downregulation
of AMP-activated protein kinase (AMPK) and glycogen synthase kinase-3 beta (GSK33)
phosphorylation were induced by AA in a dose-dependent manner; AA elicited energy
deficits in the SH-SY5Y cells by regulating the AMPK/GSK3p cascade, resulting in Ca*
disturbance, ATP depletion, and CREB/BDNF signaling impairment. In addition, Sirtuin 1
(Sirtl) and peroxisome proliferator-activated receptor y co-activator 1 o« (PGC-1x) were
downregulated by AA; however, AA elicited cellular autophagy in terms of the conversion
of microtubule-associated protein light chain 3 (LC3)-I to LC3-1I and beclin-1 protein ex-
pression. Also, AA induced the overexpression of prostaglandin-endoperoxide synthase 2
(COX-2) and inducible nitric oxide synthase (iNOS), and AA reduced the phosphorylation
of extracellular signal-regulated kinases (ERK) while intensifying the phosphorylation of
JNK and p38 in MAPKSs. In addition, AA mediated a reduction in nuclear factor erythroid
2-related factor 2 (Nrf2) nuclear translocation and cytoplasmic Kelch-like ECH-associated
protein 1 (Keap1) expression, resulting in the downregulation of the expression of phase II
enzymes, namely HO-1 and NAD(P)H Quinone Dehydrogenase 1 (NQO1) [43].

In brief, AA modulated several signaling pathways related to differentiation, inflam-
mation, and apoptosis, disturbing transcriptomic factors such as nuclear NF-xB and MAPKs
signaling pathway with JNK and p38 activation, COX-2 and iNOS overexpression, and
AMPK and GSK3 downregulation. AA also inhibited the activation of the PI3K/Akt
pathway and downregulated Sirtl and PGC-1c. Furthermore, it interfered with the CREB
signaling pathway, an important cholinergic and dopaminergic neuronal marker during
SH-SY5Y differentiation (Table 8).
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Table 8. Signaling pathways in SH-SY5Y cells. AA exposure conditions, assays, and effects.

Dose

Time Assays Effects

References

1-70 uM 9 days qPRC

0,1.25,2.5 and 5 mM 24 h Cytokine assessment

CREB signaling was
downregulated
NF-«B, MAPKs, JNK, and p38
signaling pathway were activated;
AA: +50% pS262
Activated the PERK-elF2oc
Immunofluorescence (tau  signaling, triggered the activation

2.5 mM 24 h hyperphosphorylation of GSK-3f3, and upregulated ATF4

1.25,2.5,5 mM 24 h Western blot

(pS262)) and CHOP; Also, inhibited the
activation of the PI3K/Akt
pathway
Inhibited the activation of the
PI3K/ Akt pathway;
Downregulation of AMPK, Sirtl,
PGC-1«, and GSK303;
Phosphorylation by AA in a
dose-dependent manner;
Overexpression of COX-2 and
iNOS

(80]

[41]

[42]

AA: acrylamide, AMPK: AMP-activated protein kinase, COX: Prostaglandin-endoperoxide synthase, CREB:
cAMP response element binding, CHOP: C/EBP homologous protein, GSK-3f3: glycogen synthase kinase-33,
iNOS: inducible nitric oxide synthase, JNK: c-Jun N-terminal kinase, MAPKS: mitogen-activated protein kinases,
PERK/elF2o: protein kinase RNA-like endoplasmic reticulum kinase—Eukaryotic Initiation Factor 2 alpha,
Pyk2: proline-rich tyrosine kinase 2 RNA (PKR)-like/Pancreatic ER Kinase, PI3K: phosphatidylinositol 3-kinase,
PGC-1a: Peroxisome proliferator-activated receptor-gamma coactivator, qPCR: quantitative polymerase chain
reaction, Sirt 1: NAD-dependent deacetylase sirtuin-1.

7. Gene Expression
7.1. Acrylamide (AA)

The impact of AA on gene expression, as elucidated by recent research, highlights
a complex and nuanced response within cellular systems. A comprehensive analysis of
differentially expressed genes (DEGs) following exposure to AA revealed distinct patterns
of gene dysregulation.

Following exposure to 70 pM AA over a six-day differentiation period, a notable
dysregulation was observed in a set of eight genes. Among these genes, NTRK2 (Neu-
rotrophic Receptor Tyrosine Kinase 2, a receptor of BDNF), FGF1, RASD2, BMP7, SEMA3F
(Semaphorin 3F), and SEMASA (Semaphorin 5A) exhibited significant alterations, indicat-
ing potential pathways affected by AA-induced toxicity during cellular differentiation [81].
In the same study, they also studied other compounds; therefore, the shared dysregula-
tion of CNR1 (encoding cannabinoid receptor 1) and SEMASA between AA and valproic
acid exposures, as well as OPRD1 (encoding opioid receptor delta 1) between AA and
rotenone, underscores the intriguing overlap in genetic response among these neurotoxic
compounds [81].

In addition to examining markers linked with CREB signaling pathways, Attoff et al.,
2020 [81] opted to incorporate indicators associated with cholinergic (CHAT) and dopamin-
ergic (DRD2 and MAOA) neurons in consideration of their crucial role in the neuronal
differentiation process of SH-SY5Y cells. They also included synaptotagmin 1 (SYT1),
known for its protein adduct formation with AA, along with genes previously impacted by
AA exposure (such as MAOA and FGF1). Additionally, BDNF and tropomyosin receptor
kinase B (TrkB), closely associated with the CREB signaling pathway, were part of the
selection. The analysis revealed a notable decrease in the expression of 6 out of 16 genes
following exposure to 70 uM of AA, with 5 of them demonstrating decreased expression
even after exposure to 1 pM of AA. Interestingly, the expression of CHAT, TGFB1, STXBP2,
BDNE, and DRD2 showed an increase during differentiation compared to undifferenti-
ated cells. However, these genes were all downregulated upon exposure to AA. Notably,
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while MAOA demonstrated an increased expression compared to undifferentiated cells, it
exhibited significant reduction only after exposure to 70 pM of AA [80].

7.2. Deoxynivalenol (DON)

For DON, Kalagatur et al. [63] studied the ability of these mycotoxins to alter the
expression of significant neuronal markers was analyzed, reporting a significant downreg-
ulation at 50 and 100 uM of BDNF, AADC, and TH mRNA expression.

7.3. Ochratoxin A (OTA)

Similarly, but at higher concentrations of OTA (130-0.20 nM) and at 7 days of exposure,
an alteration in several cell cycle (p21, p53, cyclin B and D) and neuronal differentiation
(GAP43, Wnt5a and TUBB3) genes was found [71]. Concerning the gene and protein
expression, several genes and proteins were studied, all of them implicated in the cell
proliferation (BAX, P53, MAPT, TPPP p21, cyclin B and D, GAP43, Wnt5a, and TUBB3).
At the highest dose studied, 1 pM OTA exposure for two days reduced the expression
of P53, BAX, and MAPT mRNA at Days 1 and 2. In comparison to the control exposure
groups, TPPP mRNA expression rose on Day 2 after exposure to 1 pM OTA but decreased on
Day 1 [82]. The duration of exposure and the relationship between the duration of exposure
and the 1 uM OTA dose were indicated by the expression of BDNF mRNA. For 11 days,
cells exposed to lesser doses (2 M, 20 M) showed no change in gene expression [71].

7.4. T-2 Toxin

To investigate the impact of the T-2 toxin on mitochondrial biogenesis in SH-SY5Y
cells, researchers measured the mtDNA copy number and the expression levels of NRF2,
KEAP1, PGC-1«, NRF1, and TFAM [69]. For cells treated with 5 and 10 ng/mL, the mtDNA
copy number decreased to 80.3% and 60.9%, respectively. The expression of NRF2 mRNA
increased to 1.7 and 2.8 times, respectively [69]. Conversely, KEAP1’s mRNA expression
dropped to 45.4% and 77.0%. The T-2 toxin significantly reduced the expressions of PGC-1«
and its downstream targets NRF1 and TFAM. The most notable reductions were observed
in the gene levels, which were lowered by 5 and 10 ng/mL of T-2 toxin, respectively, to
56.3% and 21.6% [69].

7.5. Zearalenone (ZEA)

When the concentration of ZEA increased in the comet assay, the tail dispersion in-
creased in a dose-dependent manner. Additionally, a substantial increase in apoptotic
nuclei was observed in treated cells compared to control cells at 12 and 24 h after exposure.
This “ladder” pattern is indicative of oligonucloesomal DNA fragmentation. Additionally,
BDNF and TH mRNA expression was not changed and gradually declined with an increase
in toxin concentration for 12 and 24 h after ZEN exposure when gene expression was exam-
ined at the lower dose of ZEA (25 uM). Conversely, at 25 uM, AADC mRNA expression was
inhibited. Further suppression of AADC mRNA expression was achieved by increasing
the concentration of ZEA toxin (50 and 100 uM) [70]. In the case of the metabolites, other
genes were studied and similar results were obtained; in «-ZEL treated cells, the mRNA of
CASP3 and BAX mRNA were overexpressed at 12.5 and 25 M. And in the case of 3-ZEL,
it upregulated Erf3 mRNA at 12.5 uM while it downregulated the expression of CASP3 and
BCL2 [75].

7.6. Fumonisin B1 (FB1)

Finally, for FB1, the ability to produce DNA damage was studied, through the comet
assay, TUNEL assay, and DNA fragmentation assay. In the comet assay and when compared
to other treatments, DNA damage was the highest 48 h after FB1 treatment, as indicated
by an increased tail length and a decreased head diameter. Furthermore, compared to the
control, considerable DNA damage resulted from a 24 h toxin treatment. Additionally,
TUNEL assay results showed that FB1 treatment for 12, 24, and 48 h increased TUNEL-
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positive cells relative to the control [65]. In concordance, DNA ladders were seen after

treatment with 30 and 100 uM FB1 for 48 h [77].

To sum up, mycotoxins have demonstrated the capacity to modulate the gene expres-

sion in SH-SY5Y cells, as well as to produce DNA damage (Table 9).

Table 9. Gene expression and genotoxicity in SH-SY5Y cells. Mycotoxin dose, exposure conditions,

assays, and effects.

Mycotoxin

Dose

Exposure Time

Assays

Effects

References

DON

0-200 uM

6hand24h

Comet assay;
Gene expression
by qRT-PCR

Damage in DNA at 24 h;
BDNF and TH mRNA
expression were
downregulated at 50
and 100 uM; AADC
gene expression was
downregulated at all
concentrations

[63]

BEA

2.5,1.25,0.78, and
0.39 uM

2h,24h,and 48 h

Gene expression
assay by RT-PCR

Upregulated BCL2
mRNA

[73]

25,12.5,
6.25, and 3.12 uM

120 min, 24 h, and
48 h

Gene expression
assay by RT-PCR

o-ZEL: mRNA of
CASP3 and BAX mRNA
were overexpressed at
12.5 and 25 uM;
[3-ZEL: upregulated ER3
mRNA at 12.5 uM, while
downregulated
expression of CASP3
and BCL2

[75]

ZEA «-ZEL and

B-ZEL

25,50, 75,100, and
200 uM

3h,24h

COMET assay;
DAPI staining
plasmid breakage
assay;

Gene expression
by qRT-PCR

25 uM increased the tail
length by 31% =+ 2.6%,
and at 100 uM
83% + 5.30/0;
Showed DNA
fragmentation at 12 h
and 24 h;

25 uM of ZEA: BDNF
and TH mRNA
expression decreased
with increased
concentration for 12 h
and 24 h; AADC mRNA
expression was
suppressed at 25 pM;
The mRNA expression
of AADC was further
abrogated by
50 and 100 uM

[70]

FB1

1, 10, and 100 uM

12h,24h,48 h,
72h,and 144 h

DNA
fragmentation

DNA ladders were
obtained at 30 and
100 uM for 48 h

[76]

50 uM

12h,24hand 48 h

Comet assay;
TUNEL assay

Increased tail length and
decreased head diameter
time-dependently;

At 24 and 48 h, increased
TUNEL-positive cells

[65]
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Table 9. Cont.

Mycotoxin Dose Exposure Time Assays Effects References
Expression of P53, BAX,
ZZfIl)\l/[\/’[%)OO%\f 3nMd and MAPT mRNA were
’ ’ Gene expression  reduced at Days 1 and 2;
060} ﬁﬁ g'gSHi/IM’ 2and 11 days by RT-qPCR TPPP mRNA expression [82]
' o ! decreased at Day 1 at
OTA y
and 1 uM 1 1M
DNA Concentration-
0'1&?(;123’50'51{41 0 24hand 48 h fragmentation dependent DNA [83]
e assay laddering
Reduced mtDNA copy
number of 80.3% at
5ng/mL and 60.9%, at
10 ng/mL; NRF2 mRNA
e expression increased to
Q;?g;ﬁgféigf f 1.7-fold at 5 ng/mL and
DNA copy number 2.8-fold by 10 ng/mL;
T-2 5-20 ng/mL T-2 1-48 h vy The expression of [69]
& quantification; KE AIE) 1 mRNA
Gene expression o
by RT-qPCR decreased to 77.0% and

45.4%; The expressions
of PGC-1x and its
downstream targets
NRF1 and TFAM were
distinctly inhibited

BAX: Bcl-2 Associated X-protein, BCL2: B-cell leukemia/lymphoma 2 protein, BDNF: Brain-derived neurotrophic
factor, BEA: Beauvericin, CASP3: cysteine—aspartic acid protease, DON: Deoxynivalenol, ENN’s: enniatin,
Erf: Estrogen receptor beta, FB1: Fumonisin B1, KEAP1: Kelch-like ECH-associated protein 1, NRF1: Nuclear
respiratory factor-1, NRF2: nuclear factor erythroid 2-related factor 2, OTA: Ochratoxin A, P53: tumor protein
p53, PGC-1o: Peroxisome proliferator-activated receptor-gamma coactivator, qPCR: quantitative polymerase
chain reaction, TFAM: Mitochondrial transcription factor A, ZEA: Zearalenone, x-ZEL: alpha-zearalenol, 3-ZEL:
beta-zearalenol.

8. Protein Expression
8.1. Acrylamide (AA)

Although the study of transcription factors is important to know which signaling
pathways can be altered, the importance lies in the final expression or suppression; this is
why the protein content and how the presence of AA modulates it was considered.

According to the signaling pathways and transcriptomic factors altered as mentioned
above, the proteins involved in processes of stress, neuronal differentiation, inflammation,
and cell death were analyzed, such as heat shock proteins (HSPs), microtubule-associated
proteins (MAPs), focal adhesion kinase (FAK), and CHOP.

In this sense, on one hand, it has been proved that the treatment of cells with AA
increased the cell death through the caspase-3 activity and an increase in cells in the sub-G1
phase. Both caspase-3 activation and the sub-G1 cell population peaked when the cells
were exposed to 3 mM AA. Interestingly, a higher dose of AA (4-5 mM) resulted in less
caspase-3 activity, even though the cytotoxicity increased. This indicates that the decrease
in caspase-3 activity at 5 mM of AA is not solely due to heightened cytotoxicity [48].

One year later, the same research team found that, after exposing human neuroblas-
toma cells (SH-SY5Y) to 0.5-5 mM AA for 18 h, the levels of HSPs of 90, 70, and 27 kDa
(Hsp90, Hsp70, and Hsp27, respectively) were elevated in the incubation media depending
on the dose of AA, while only the Hsp70 level increased within cells [83].

According to other work, exposure to AA predominantly causes eukaryotic translation
initiation factor 2« (elF2x) to be phosphorylated. This is followed by the buildup of ATF4,
the protein that binds to el[F2«. Additionally, it was demonstrated that CHOP mRNA
expression dramatically increased at all investigated time points and doses, with a notable
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increase of up to 100-fold at 7.5 or 10 mM AA following an 8 h exposure. Conversely,
there was no alteration on the protein levels of GRP9%4, glucose-regulated protein (GRP78),
or endoplasmic reticulum (ER) chaperones. These results imply that the AA exposure of
SH-SY5Y cells causes the production of the pro-apoptotic CHOP protein but not of the ER
chaperones that provide cytoprotection [46].

The effects of AA on the p53 protein and intracellular signal transduction pathways
were examined using human neuroblastoma SH-SY5Y cells. p53, phosphorylated p53, and
p53-associated protein murine double minute 2 (MDM2) were all upregulated by AA. The
Ser15 position was the only location where p53 was phosphorylated. Extracellular signal-
regulated protein kinase (ERK) and p38 were phosphorylated by MAPKs at increasing AA
doses (0.5-5 mM), but not c-Jun NH2-terminal kinase [48].

Numerous proteins are impacted by AA-induced adduct formation, including SNAP-
25 (synaptosome-associated protein) and other proteins found in synaptic vesicles [8]. In
order to confirm the decrease in axon quantity when AA was present, cocultures were
labelled with antibodies against both III-tubulin and the pan-neuronal marker PGP 9.5 [49].
The number of axon profiles in response to AA decreased in both instances, and the results
matched the information obtained from SNAP-25 immunocytochemistry.

According to the findings of other research groups’ in vitro studies, activating SphK1 in
SH-SY5Y cells also controlled MAPK signaling. This included raising the phosphorylation
of extracellular signal-regulated protein kinases (ERK) and lowering that of JNK and
p38 [71]. These findings imply that SphK1 activation can provide nerve cell protection
against AA-induced damage.

MAPs are responsible for the polymerization, stabilization, and dynamics of the
microtubule network; it has been detected that the expressions of MAP1b and MAP2c in
SH-SY5Y cells were reduced by 39% and 64%, respectively, when they treated the cells with
2 mM of AA [44], while the expressions of MAP1b and MAP2c in U-1240 MG cells were
reduced by 52% and 57%, respectively. In terms of Janus kinase (JAK)-signal transducer
and activator of transcription (STAT) signaling, JAK1 expression was increased by 93%
in 10 uM retinoic acid (RA)-stimulated SH-SY5Y cells and by 108% in 10 uM butyric acid
(BA)-stimulated U-1240 MG cells. Moreover, JAK1 expression in U-1240 MG cells was
reduced by 74% when treated in combination with 10 uM BA and 2 mM AA, whereas JAK1
expression in SH-SY5Y cells was reduced by 68% when treated in combination with 2 mM
AA and 10 pM RA. These findings demonstrated that in SH-SY5Y and U-1240 MG cells, AA-
inhibited differentiation was mediated through MAPs expression and JAK-STAT signaling,
arguing that exposure to AA inhibits cellular differentiation in human neuroblastoma
and glioblastoma cells and that downregulation of the JAK-STAT signal pathway may
contribute to the understanding of AA-induced neurodegeneration [44].

The differentiating process of neuroblastoma SH-SY5Y cells has also been stud-
ied with AA inducing time-dependent tyrosine phosphorylation of FAK [pY®"] and
Pyk2[pY40?] [78].

Shortly, we can conclude that the expressions of MAP1b and MAP2c, typically in-
volved in microtubule networks, were reduced in SH-SY5Y and U-1240 MG cells which
indicated a clear impairment of cell shutdown upon AA exposure. In addition, a sig-
nificant pro-inflammatory response with JAK1 overexpression was observed. Similarly,
in vitro transcriptomic analysis showed how AA exposure (2.5-5 mM) induced apoptosis
(increased levels of p53, MDM2, and caspase-3 expression), oxidative stress (ATP4 and
CHOP overexpression), and inflammation with high levels of IL-6 and TNF- «. It is also
necessary to underline the downregulation of SphK1 which is associated with inflammation
and antiapoptotic processes (Table 10).
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Table 10. Protein expression in SH-SY5Y cells. AA exposure conditions, assays, and effects.

Dose

Time Assays Effects References

1-5mM l6hand 20 h

Increased the caspase-3
activity
Hsp90, 70, and
27 levels increased,

0.5-5 mM 18 h Protein analysis dose-depending; HSPs

increases as the AA
grows
Induction of the

1-10 mM 8h qPCR pro-apoptotic CHOP

0.5-5 mM 1-24h Immunoprecipitation

protein expression
p53 protein
accumulated
30% reduction in

0.01-12 mM. 24,96, 0r 144 h Immunoblotting SNAP-25-positive axon

profiles
MAPs expression and

0,0.1,0.5,1, and 2 mM 24,48,72 h Western blot JAK-STAT signaling

6 mM

were involved
FAK and Pyk2
Western blot analysis time-dependent
and PCR tyrosine
phosphorylation

8h

(48]

AA: acrylamide, CHOP: C/EBP homologous protein, FAK: focal adhesion kinase, HSPs: Heat shock protein,
ICy): concentration causing 20% protein reduction, ICsy: 50% inhibition concentration, JAK-STAT: Janus kinase—
signal transducer and activator of transcription, PERK: protein kinase, Pyk2: proline-rich tyrosine kinase 2 RNA
(PKR)-like/Pancreatic ER Kinase, qPCR: quantitative polymerase chain reaction, SNAP: synaptic vesicle protein
S-nitroso-N-acetyl penicillamine.

8.2. Mycotoxins
8.2.1. Fumonisin B1 (FB1)

Other studies have evaluated the capacity of this mycotoxin to induce apoptosis;
therefore, some authors investigated the protein expression alterations (caspase 9 and
3, p53, Bax, Bcl-2, Bcl-XL, and Mcl-1) when FB1 was applied to SH-SY5Y cells. Initially,
exposure to FB1 did not result in significant alterations in caspase-3-like protease activity.
However, after a full day, 100 uM FB1 caused a slight but statistically insignificant increase
in caspase-3 activity. During either FB1 treatment period, there was no caspase-3 or caspase-
9 cleavage. Exposure to 100 uM FB1 for 72 h also did not affect the amounts of p53 in
nuclear or cytoplasmic extracts. These findings are consistent with earlier research that did
not discover a statistically significant rise in cell mortality at the concentrations examined
(0.1-30 uM) [61,65,77].

On the other hand, in comparison to the control cells, FB1 had no effect on the
expression of the pro-apoptotic protein Bax at any of the doses or time points. Furthermore,
in SH-SY5Y cells, FB1 had no effect on the investigated anti-apoptotic proteins (Bcl-2,
Bcl-XL, and Mcl-1) [85]. Another study suggested that mitochondria may be involved in
FB1-mediated cell death because Bax expression rose 48 h after FB1 treatment in comparison
to the control, whereas cytochrome C expression increased 24 h after FB1 treatment [61].
After exposure of neuroblastoma cells to FB1, there was a significant increase in JNK
phosphorylation, which peaked at 48 h. Additionally, there was a significant increase in the
expression of IRE1-« and PERK. Lastly, there was a significant activation of CHOP after
24 h of FB1 exposure [65].

8.2.2. Ochratoxin A (OTA)

In contrast, OTA treatment in SH-SY5Y cells activated caspase-9 and caspase-3 in one
study, while another study did not detect activated caspase-3 or changes in p53 phospho-
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rylation. This suggests that OTA-induced cytotoxicity may have different mechanisms at
play [68,78].

8.2.3. T-2 Toxin

As for the T-2 toxin, it led to an increase in NRF2 protein expression, potentially
indicating an adaptive response to oxidative stress induced by the toxin [69].

Regarding mycotoxins, FB1 significantly increased the phosphorylation of JNK in
neuroblastoma cells, as well as significantly increasing the expression of CHOP, IRE1-«,
and PERK. OTA treatment in SH-SY5Y activated caspase-9 and caspase-3 in one study but
not in another. Finally, the T-2 toxin increased NRF2 protein expression. Therefore, more
studies are needed in order to state that FB1, OTA, and the T-2 toxin lead to a modulation
in protein expression in SH-SY5Y cells (Table 11).

Table 11. Protein expression in SH-SY5Y cells. Mycotoxin dose, exposure conditions, assays,
and effects.

Mycotoxin Dose Exposure Time Assays Effects References

No significant
changes in
caspase-3-like
protease activity;
100 uM for 72 h
had no effects on
p53 levels;
Bax Bcl-2, Bcl-XL,
and Mcl-1 were not
affected.

Caspase-3-like
protease activity
Western blot

12h,24h,48h,

FB1 1,10, and 100 uM 72h, and 144 h

[85]

Activated
caspase-3 was not
30, 60 min, and detected;
24 h Western blot P53
OTA phosphorylation
was not detected

1,10, and 100 uM [68]

Activation of
24 h,48 h Western blot caspase-9 and [78]
caspase-3

0.1,0.25,0.5,1.0,
and 2.5 uM

NRF2 protein
expression
increased 1.2-fold
by 5 ng/mL and
1.4-fold by
10 ng/mL. The
mRNA protein
expression
decreased to 95.6%
and 85.6%

T-2 5-20 ng/mL 1-48 h Western blot [69]

BAX: Bcl-2 Associated X-protein, BEA: Beauvericin, DON: Deoxynivalenol, ENN'’s: enniatin, FB1: Fumon-
isin B1, NRF2: nuclear factor erythroid 2-related factor 2, OTA: Ochratoxin A, P53: tumor protein p53, ZEA:
Zearalenone, Z-VAD-fmk: carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]- fluoromethylketone, Z-DEVD-fmk:
Z-D(OMe)E(Ome)VD(OMe)-FMK. Z-DEVD-fluoromethylketone. Z-DEVD-fluoromethyl ketone. specific inhibitor
of caspase-3, x-ZEL: alpha-zearalenol, 3-ZEL: beta-zearalenol.

9. Natural Bioactive Compounds

For all of the above, we can conclude that AA produces toxicity in several neuronal
cell lines in a dose- and time- dependent manner; nevertheless, some authors have shown
that besides AA toxicity, some natural compounds may reduce this effect on neuronal cells.
Pre-treatment with 6 pM curcumin was found to considerably reduce the neuronal toxicity
caused by 2.5 mM AA. This was demonstrated by improved cell viability, reduced levels
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of intracellular ROS and MDA, and increased levels of GSH. Additionally, curcumin pre-
treatment eliminated aberrant tau phosphorylation, P-CREB decrease, and CHOP-induced
apoptosis in SH-SY5Y cells, further lowered GSK-33 and ATF4 activity, and blocked PERK-
dependent elF2« phosphorylation [42]. In this same line, but with another compound,
Chen and Chou 2015 [44] demonstrated that 0.25, 0.5, and 1 mM of caffeine attenuated
2 mM AA-inhibited phosphorylation of MAPKs in U-1240 MG cells. In addition, 50 M of
Z-VAD-fmk, a pan-caspase inhibitor, could be a protective compound against 0 to 5 mM of
AA by abolishing caspase-3 activities in cells exposed to AA, lowering LDH leakage and
increasing cell viability [50].

One step further, and in order to obtain more accurate results, Ning et al., 2021 [73],
showed that 0.014 to 10 ug/mL of triphala, a herbal mixture from India, suppressed 10 mM
AA-induced neurotoxicity and scavenged free radicals in a zebrafish model, suggesting
that triphala could be a potential agent to treat neurodegenerative diseases associated with
oxidative stress (Table 12).

Table 12. Natural bioactive compounds dose, time of pretreatment, compound, and effect.

Dose Time Compound Effects References
Increased cell viability;
Alleviated oxidative
stress;
GRP78, P-PERK, and
P-elF2o expression
. decreased;
6 uM 2 h pretreatment Curcumin Blocked PERK-eIF2a [42]
signaling activation;
Suppressed tau
hyperphosphorylation;
AA Mitigated ne}lronal
apoptosis.
Attenuated A A-inhibited
0,0.25,0.5,and 1 mM 30 min pretreatment Caffeine phosphorylation of [44]
MAPK;
Abolished caspase-3
activities, lowered LDH
50 uM Lh Z-VAD-fmk leakage, and increased 501
cell viability
0.123,0.370,1.11, 3.33, . Decreased the level of
and 10.0 pg/mlL. 20 h Triphala free radicals; [73]
) Neuroprotective
BEA, Allium sativum L. AT
a-ZEL and B-ZEL 24hand 48 h garlic Cell viability increased [60]
Coffee by-products
BEA 24 hand 48 h (coffee silverskin and Cytoprotection [58]
spent coffee)
FB1 24 h NAC ROS generation at 24 h [65]
Lutein, zeaxanthin,
BEA and goji berries Cytoprotection [62]
extract
FB1 and OTA 24 h Beetroot extract Increased cell viability [67]

AA: acrylamide, elF2«: Eukaryotic Initiation Factor 2 alpha, GRP78: glucose regulated protein 78, LDH: lactate
dehydrogenase, MAPKSs: mitogen-activated protein kinases, P: Phospho, PERK: protein kinase, Pyk2: proline-rich

tyrosine kinase 2 RNA (PKR)-like/Pancreatic ER Kinase, U-1240 MG: Human glioblastoma astrocytoma cells.

Z-VAD-fmk: Z-Val-Ala-Asp (OMe)-FMK.

Regarding mycotoxins and possible strategies to mitigate the cytotoxicity of this
compound, several studies have reported the cytoprotective capacity of some bioactive
compounds, such as Allium sativum L. garlic against BEA and ZEA metabolites [60], coffee
by-products against BEA [58], NAC against FB1 [65], lutein, zeaxanthin, and goji berries
extract against BEA [62], and beetroot extract against FB1 and OTA [67] (Table 12).

27



Toxins 2024, 16, 87

10. Discussion

Overall, all AA studies were carried out in SH-SY5Y, except two that used U-1240 MG
and PC12 cells, the range of concentrations went from 0.1 to 10 mM, and to highlight the
techniques employed the most widely used was the MTT (13%), followed by the axonopathy
assay (9%) and qPCR, Annexin V-FITC/PI apoptosis, GSH, and ROS assays (7% in all
cases). Caspase-3 activity, Trypan blue, LDH assays, Calcein-AM, Neurite quantification,
and phase-contrast microscopy were used in a proportion of 4% each. Finally, CCKS, SF,
ELISA cytometry, DNA fragmentation detection, morphology assay, biochemical indicators,
Western blot, immunocytochemistry, immunoprecipitation, immunofluorescence, and
cytokine assessment were used in proportions of 2% for each one (Figure 2a).

MTT I 13% MTT I 35%
Axonopathy G 5% LDH — 22%
QPRC I 7% ROS M= 19%
GSH e 7% Apoptosis IS 17%
ROS IE— 7% MMP  — 17%
Annexin V-FITC/P apoptosis  mm— 7% Other fmmmm—m 13%
Phase contrast microscope N 4% RT-PCR 13%
Neurite quantification . 4% Western blot - 9%
GSH/GSS5H rati |
Calcein-AM NN 4% 4 rate %
Cell cycle mmm 9%
LDH assays NN 4%
COMET assay mmm 7%
Trypan blue NN 4%
DMNA fragentation mm 4%
Caspase-3 activity mmm—m 4%
Lipid peroxidation B 4%
Immunofluorescence Ml 2% .
Enzimes mm 4%
Cytokine assessment NN 2% PO W 2%
Immunoprecipitation Hl 2% ATP content B 2%
Immunocytochemistry Wl 2% CCK-Bassay W 2%
Cytokine assessment N 2% TUNEL assay W 2%
Western blot  mmm 2% Assay for chromatin... I 2%
Biochemical indicators =l 2% Ca2+ measurement B 2%
Morphology assay HEE 2% mitechendrial... B 2%
DNA fragmentation... EEE 2% plasmid breakage assay B 2%
ELISA cytometry NN 7% DAPI staining B 2%
SF mmm 2% Caspase-3-ike protease... B 2%
CCKE mmm 2% MitoSOX B 2%
0% 5% 10% 15% 0% 20% 40% 60%
% papers
% of papers pap
b
() (b)

Figure 2. (a) Percentage of employed assays in SH-SY5Y cells treated with AA according to publica-
tions reviewed (n = 27). (b). Percentage of employed assays in SH-SY5Y cells treated with mycotoxins
according to publications reviewed (n = 36).

Regarding mycotoxins, the main cells studied where SH-SY5Y, and the range of
concentrations went from 0.009 to 200 uM. The most used techniques were MTT (39%),
LDH (22%), ROS (19%), apoptosis, and MMP (17% in both cases), followed by RT-PCR
(13%), Western blot, GSH/GSSH ratio, and cell cycle (9% in all cases). DNA fragmentation,
lipid peroxidation, enzymes activity (4%), and the rest of the assays performed in SH-SY5Y
cells were used in proportions of 2% for each one (Figure 2b).

As for the main MoA studied in SH-SY5Y cells treated with AA, cytotoxicity reached
32%, followed by axonopathy with a 20%, and the study of protein expression achieving
14% of the total of studies.
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Concerning the mycotoxins, the main MoA studied in SH-SY5Y cells included cyto-
toxicity which reached 30%, mitochondrial membrane potential alterations at 16%, and
oxidative stress at 15%.

On the other hand, several bioactive compounds were tested to modulate AA toxicity
in this review; the use of curcumin, caffein, Z-VAD-fmk, and triphala was reported.

The most studied mycotoxin in SH-SY5Y cells was BEA, followed by ZEA and its
metabolites, OTA and FB1.

11. Conclusions

Overall, we could conclude that the common toxic effects reported for both AA and
several mycotoxins highlight an interesting field to investigate, not only because of their
presence in the diet but also for the possibility of the merged effect on human health
and its consequences at the neuronal level. Although there are several assays which
report toxic effects, for these compounds the most used assays were MTT followed by
axonopathy and qPCR, the less frequent assays were ELISA, SF, and CCKS8, among others
in the case of AA. For mycotoxins, MTT, LDH, ROS, apoptosis, MMP, and RT-PCR were the
most employed techniques and MitoSOX, DAPI staining, Ca** measurement, and CCK-8
assay, among others, were less frequently used. The MoA reported were cytotoxicity,
axonopathy, protein expression, apoptosis, increased cellular reactive oxygen species, and
a reduction in intracellular GSH, impaired neurite outgrowth during differentiation in
SH-SY5Y, and other neuronal cells, in a time- and concentration-dependent manner for
AA and cytotoxicity, oxidative stress, gene expression, apoptosis, protein expression, cell
cycle disruption, and genotoxicity in a in a time- and concentration-dependent manner
for mycotoxins. Furthermore, similar to mycotoxins, AA modulated signaling pathways
related to inflammation, oxidative stress, apoptosis, and differentiation through changes in
the expression of proteins involved in different processes.

Although AA and mycotoxins neurotoxicity has been widely reported in the literature,
several bioactive compounds naturally present in food products could reduce the toxic
effects of AA and mycotoxins, according to the literature. On one hand, curcumin, caffein,
Z-VAD-fmk, and triphala, tested in a similar percentage, have been shown to mitigate
AA toxicity. On the other hand, Allium sativum L. garlic, coffee by-products, NAC, lutein,
zeaxanthin, goji berries, and beetroot extract have shown to cytoprotect SH-SY5Y cells
against mycotoxins like BEA, OTA, and FB1. Nevertheless, more in vivo and in vitro
studies are needed to better investigate not only AA and mycotoxins’ neuronal damage
but also the possible beneficial role of bioactive compounds and how this mechanism of
reduction in damage is happening.

12. Materials and Methods

For this review, a standard systematic literature search in PubMed, Scopus, and Web
of Science was conducted by including the terms “acrylamide”, “mycotoxins”, “OTA”,
“DON”, “BEA”, “ZEA”, “FB1”, “ENN”", “T-2"”, “neurotoxicity”, “toxicity” “neuroblastoma”,
“in vitro”, and “SH-SY5Y”. The application of these search terms aimed to cover most of
the literature regarding the study of the AA neurotoxicity research in the SH-SY5Y cell
line. In order to discard unnecessary, incomplete, or irrelevant literature, the abstracts
of the reports obtained were assessed. The search retrieved 97 articles, of which 59 were
original, accessible, and A A-specific papers and thus were included in the analysis. The
exclusion criteria for the remaining 38 articles were associated to the following: (i) written
in a language different from English and/or not available online, (ii) representing a review,
or (iii) not specific for AA and mycotoxins.
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Abstract: Mycotoxins, toxic secondary metabolites produced by certain fungi, pose significant
threats to global food safety and public health. These compounds can contaminate a variety of
crops, leading to economic losses and health risks to both humans and animals. Traditional lab
analysis methods for mycotoxin detection can be time-consuming and may not always be suitable
for large-scale screenings. However, in recent years, machine learning (ML) methods have gained
popularity for use in the detection of mycotoxins and in the food safety industry in general due to
their accurate and timely predictions. We provide a systematic review on some of the recent ML
applications for detecting/predicting the presence of mycotoxin on a variety of food ingredients,
highlighting their advantages, challenges, and potential for future advancements. We address the
need for reproducibility and transparency in ML research through open access to data and code.
An observation from our findings is the frequent lack of detailed reporting on hyperparameters
in many studies and a lack of open source code, which raises concerns about the reproducibility
and optimisation of the ML models used. The findings reveal that while the majority of studies
predominantly utilised neural networks for mycotoxin detection, there was a notable diversity in
the types of neural network architectures employed, with convolutional neural networks being the
most popular.

Keywords: machine learning; predictive model; mycotoxin; food safety; systematic review

Key Contribution: Recent developments in machine learning present promising approaches to
improve the precision and efficiency of detecting mycotoxins. This review comprehensively gathers
and examines the latest research at the juncture of machine learning and mycotoxin detection in
food items. It offers a detailed assessment of the methods used, accomplishments, and potential
future developments.

1. Introduction

Mycotoxins are a group of naturally occurring toxic chemical compounds produced by
certain species of moulds (fungi) during growth on various crops and foodstuffs, including
cereals, nuts, spices, and dairy products [1]. The ingestion of certain mycotoxins has been
linked to a range of harmful health impacts on both humans and animals, from short-term
poisoning to long-term consequences such as liver cancer and, in some cases, death [2—4].
Mycotoxins are secondary metabolites (that is, compounds produced by an organism
that are not essential for its primary life processes) and are often produced during the
pre-harvest, harvest, and storage phases under favourable conditions of humidity and
temperature [3,5]. The most prevalent mycotoxins include aflatoxins, tricothecenes, fumon-
isins, zearalenones, ochratoxins, and patulin, and are produced by certain plant-pathogenic
species of Aspergillus, Fusarium, and Penicillium [6]. Mycotoxin contamination in crop
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products has been found to vary significantly across different geographical locations and is
influenced by annual weather conditions [7,8]. However, since 2012, there has been a noted
increase in the occurrence of mycotoxins in Europe, with the impacts of climate change
being most likely a contributing factor [9,10]. An estimated 60-80% of the world’s crop
supply is contaminated by mycotoxins, and an estimated 20% of those crops surpass the
legally mandated food safety thresholds set by the European Union (EU) [11].

With the world’s food supply chain being highly interconnected, the presence of
mycotoxins not only endangers human health but also has an impact on the stability of
agricultural markets and trade [3,12]. The economic impact of mycotoxin contamination is
substantial, with a global estimate in the billions of euros for detection, regulation enforce-
ment, and mitigation efforts to manage mycotoxin presence in food and feeds annually [13].
It is estimated that, between 2010 and 2019, approximately 75 million tonnes of wheat in
Europe, which constitutes 5% of the wheat intended for human consumption, surpassed
the maximum threshold for DON contamination. This excess led to the reclassification of
this contaminated wheat grain as ‘animal feed’, resulting in an economic loss of around
EUR 3 billion [14]. Additionally, [15] shows that, between 2010 and 2020, aflatoxins were
responsible for the demotion of 4.2% of wheat intended for food, which potentially rep-
resented an additional economic loss of EUR 2.5 billion. As a result, the detection and
management of mycotoxins in crops and food products is crucial for ensuring food safety
and safeguarding consumer health worldwide as well as contributing to economic stability.

According to [16], the standard methodology for mycotoxin detection comprises
three main steps: sampling, sample preparation, and analytical determination. Chromato-
graphic techniques, such as liquid chromatography mass spectrometry (LC-MS), high-
performance liquid chromatography (HPLC), and gas chromatography mass spectrometry
(GC-MS), along with immunoassay-based methods like enzyme-linked immunosorbent
assays (ELISAs), are widely recognised as the most prevalent analytical approaches for
the detection of mycotoxins [17,18]. The mycotoxin level in a bulk load is determined by
measuring a sample taken from the food source. From this, the concentration of mycotoxins
in the entire load is assumed to be the same as the concentration of the sample. However,
these techniques often require extensive sample preparation, sophisticated equipment,
and highly trained personnel, leading to significant costs and time delays in the analytical
process. Furthermore, the varied and intricate nature of different foods requires customised
detection methods, which can add complexity to the screening process [19,20].

While traditional detection methods such as LC-MS, HPLC, GC-MS, and ELISA
generate reliable data, they often result in large, complex datasets that require extensive
interpretation and analysis. Machine learning (ML) approaches for both the detection and
prediction of the presence of mycotoxins have seen a rise in recent years as an alternative
to traditional detection methods (see Figure 1). At its core, ML employs statistical methods
to create algorithms that allow computers to learn from data and make decisions based on
identified patterns and inferences, without being explicitly programmed for each specific
task. ML methods offer a sophisticated approach to deciphering the complex patterns
hidden within the data and are adept at processing and analysing large datasets and
extracting meaningful patterns that are not immediately apparent. By leveraging ML
algorithms, researchers can gain deeper insights into the data and offer a significant
advantage, when compared with traditional lab analysis, in terms of efficiency, cost, and
scalability, as well as maintaining or improving the accuracy of mycotoxin detection [21].

ML methods can be, broadly, broken into three categories, that is, supervised learning
(SL), unsupervised learning (UL), and reinforcement learning (RL). In SL, an algorithm is
trained using a dataset that includes both inputs and the corresponding outputs. The model
learns to associate the inputs with the outputs. After training, the model can apply this
learned relationship to predict the outputs for new, unseen inputs [22]. In UL, an algorithm
is presented with only the input data and identifies patterns and structures in the data based
only on the inputs. After training, it can classify new inputs based on the patterns it has
found. In RL, an algorithm learns to make decisions by performing actions to achieve a goal.
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It processes feedback through rewards or penalties associated with its actions, using this
information to develop a decision-making framework that aims to maximise rewards [23].

604
404
] -I_Illl

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Articles

Figure 1. Number of publications between 2013 and 2023 found by our systematic search criteria
in Scopus.

Within these categories, many different types of ML models exist and are used based on
the specificity of the problem. The most popular of these models, as found by this research,
are discussed in detail below. Although ML applications in food safety and mycotoxin
detection are widespread, there appears to be a lack of comprehensive reviews that cover
the broad spectrum of ML methodologies specifically tailored to mycotoxin analysis, as
most studies tend to concentrate on individual techniques. For example, Ref. [24] uses
neural networks (NNs) for the prediction of contamination from the mycotoxin fumonisin
in corn. Additionally, NNs have been used to forecast the accumulation of the trichothecene
mycotoxin deoxynivalenol (DON) in barley seeds [25] and to predict fungal growth [26].
For a comprehensive review of the use of NNs in food science, see Ref. [27]; for a review
of ML methods in general in the field of food safety, see Ref. [28]; and in agriculture,
see Ref. [21].

ML techniques can alleviate some of the current burdens of mycotoxin detection
by providing an efficient and low-cost solution [29]. Additionally, with the impact of
climate change, the need for these models to provide reliable predictions at the farm level is
increasingly crucial, especially in terms of food safety and health. In this work, we present
a comprehensive systematic review of some of the more popular ML techniques used in
the detection and prediction of mycotoxin on a range of foods and crops. Our review
also identifies critical areas in the current body of work that warrant attention. A notable
concern is the often insufficient discussion on the selection and tuning of hyperparameters
in ML models, which is crucial for understanding and replicating study results. This lack
of details creates issues with the reproducibility of the reviewed methods and also hinders
the advancement and application of these techniques.

The organisation of our article is as follows: In Section 2, we provide details regarding
our literature search methodology. This includes a description of the search criteria and
keywords and discussing the prevalence of each ML method. In Section 3, we provide a
short introduction to the ML process and describe some of the common terms. In Section 4,
we give a brief introduction to the main ML algorithms used (and their hyperparameters)
and discuss the outcomes of the articles reviewed based on the type of machine learning
model used. Finally, in Section 5, we provide some concluding remarks.
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2. Literature Search Methodology

The literature search for this review was primarily conducted using Scopus (https:
/ /www.scopus.com, URL accessed on 10 November 2023), a widely recognised academic
search engine that indexes scholarly articles across various disciplines. To ensure the
relevance of the research, the search was restricted to articles published within the last
10 years (since November 2023). This time frame was chosen to capture the most recent
advances and trends in the application of machine learning to mycotoxin detection in crops.
The search engine was used to identify key studies, reviews, and seminal works pertinent
to the topic at hand.

Search Criteria and Ouverview

A comprehensive search was conducted on the Scopus database and focused on pub-
lications between the years 2013 and 2023. The search was conducted using the primary
keyword “mycotoxin” in combination with these machine learning-related terms: “artificial

V/an ”voou

intelligence”, “bagging”, “Bayesian network”, “boosting”, “decision tree”, “deep learning”, “en-

Za s s

semble”, “qradient boost”, “k-means”, “k-nearest neighbour”, “knn”, “machine learning”, “neural
network”, “principal component analysis”, “random forest”, “supervised learning”, “support vector
machine”, “SVM”, and “unsupervised learning”. The search terms were motivated by a
similar search used in a review of machine learning for the monitoring and prediction of
food safety by [28]. This strategy was employed to ensure a wide coverage of potential
articles at the intersection of mycotoxin detection and machine learning methodologies.

This search yielded 313 documents on Scopus. Figure 1 shows the results obtained
from Scopus over the years 2013 to 2023. There is a general increasing trend across the
years, with a marked rise after the year 2021.

To limit the search further, only peer-reviewed articles in English in the fields of agri-
cultural and biological sciences, environmental science, computer science, and mathematics
were chosen. This reduced the search size to 91. After examining the abstracts of all the 91
articles, 30 were selected for their relevance and included in this study. A flow diagram
demonstrating our selection process can be found in Appendix A. From these articles, the
predominant ML technique used was neural networks (NNs), followed by random forests
(RFs) and gradient boosting (GB), and then support vector machines (SVMs), decision trees
(DTs), and Bayesian networks (BNs). Figure 2 shows the frequency of each ML algorithm
used in the literature.

Neurual Network

Random Forest

GBM

SVM

Decision Trees

Bayesian Network

Number of Articles

Figure 2. Most popular machine learning methods reviewed in this work.
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3. A Brief Introduction to Machine Learning

In this section, we provide a general overview of the ML process. This foreknowledge
is useful when discussing the ML approaches reviewed later in this document, though
those already with experience in this topic may skip this section. To begin, we describe the
typical process of creating an ML model.

3.1. Typical Machine Learning Process

Figure 3 shows a typical ML process for unsupervised and supervised learning methods.
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Figure 3. Typical machine learning process.

We can break up the process outlined in Figure 3 into five distinct steps. These are
as follows:

1. Data Collection: The process starts with the collection of raw data, which can be from
many sources or sites.

2. Data Preparation: These raw data are then prepared for analysis. This process typically
involves cleaning and formatting the data.

3. Data Splitting: After preparation, the data can be split into three parts. These are
training data, validation data, and test data (discussed more below).

4. Model Selection: Depending on the type of data, either an unsupervised or supervised
learning model (or models) is chosen.

5. Model Training, Evaluation, and Prediction: This process involves training the model
with training data, optimising the hyperparameters of the model using the validation
data, and then evaluating its overall performance using test data.

3.2. Training, Validation, and Test Data

In ML, validation and test data are crucial for developing and evaluating models.
Validation data are a separate subset of the original data, not used in training the model
(see Figure 3). It helps in fine-tuning the model’s parameters (known as hyperparameters),
which are pre-set configurations of the model. This fine-tuning of hyperparameters during
the validation process is essential to optimise the model’s performance. One common
technique used during this process is regularisation. Regularisation involves adding a
penalty to the model’s complexity, which helps prevent overfitting by ensuring that the
model generalises well to new, unseen data rather than just memorising the training data.
Validation also assists in selecting the best version of the model by providing feedback on
its performance. This step is essential to prevent overfitting, ensuring that the model learns
to generalise from the data and makes accurate predictions on new, unseen data. Test data
are used after the model has been trained and validated (see Figure 3). It is another distinct
subset of the dataset, not used in either training or validation. The test data are used to
evaluate the final model’s performance, providing an unbiased assessment of how well the
model is likely to perform in real-world scenarios.

In all the referenced studies we cover below, model performance is quantified by
evaluating the model performance on the test dataset, unless otherwise stated. Sometimes
authors also report the training or validation dataset performance, but for the reasons
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outlined above, these should be discarded as a measure of model performance. The
common performance metrics used in these studies include the following:

* R This statistic measures the proportion of the variance in the dependent variable
that can be explained by the independent variables in the model. An R? value closer
to 1 indicates that the model accounts for a significant amount of the variance in the
dependent variable.

e MSE and RMSE: Mean Square Error (MSE) is the average of the squares of the errors,
which are the differences between predicted and actual values. Lower MSE values
indicate a better fit of the model to the data. Root Mean Square Error (RMSE) is
the square root of MSE. It has the same units as the quantity being estimated (for
regression problems) and provides a measure of the differences between a model’s
predicted values and the actual observed values. Like MSE, a lower RMSE is better.

e Accuracy: This metric is commonly used for classification tasks and represents the
ratio of correctly predicted observations to the total observations. High accuracy
indicates that the model can correctly classify instances with high reliability.

¢ AUC: Area Under the Receiver Operating Characteristic Curve (AUC) is used in
binary classification to measure a model’s ability to distinguish between classes. An
AUC of 1 represents perfect classifier performance, while an AUC of 0.5 denotes a
model with no discriminative power.

4. Application of Machine Learning to Mycotoxin Data

In this section, we first include a brief discussion on common data types in mycotoxin
detection. We then discuss the most common ML algorithms (from Figure 2) and review
their application to mycotoxin data. Each subsection is dedicated to a single ML method
in which we describe the basic algorithm, how it makes predictions/detections, some
advantages and disadvantages of the algorithm, and finally a review of the literature using
these methods. In cases where the reviewed studies employ multiple machine learning
models, we categorise each paper based on the highest-performing model used in that
particular work.

4.1. Types of Data Used in Mycotoxin Detection

In the context of ML applications for mycotoxin detection, the literature highlights
the use of various data types, including weather parameters (temperature, rainfall, and
relative humidity), crop phenology, agronomic data, and spectral imaging. Additionally,
spatiotemporal data, which include information collected over time and across different
spatial locations, play a vital role in understanding and predicting mycotoxin contamination
by incorporating key environmental variables and temporal dynamics. Each type of data
offers unique characteristics and applications. Understanding the context and conditions
under which these data are collected is essential for interpreting the results and evaluating
the effectiveness of different ML models.

4.1.1. Weather Data

Weather variables, including temperature, relative humidity, precipitation, and carbon
dioxide levels, play a significant role in mycotoxigenic fungal growth and subsequent
mycotoxin formation on agricultural commodities [30-32]. ML models can leverage his-
torical and real-time weather data to predict the likelihood of mycotoxin contamination.
For example, continuous monitoring of these variables in the field can help create more
dynamic and responsive models. Incorporating these factors allows for a more compre-
hensive understanding of the conditions that favour mycotoxin contamination and can
improve the predictive power of ML models.

Ref. [33] proposed a Convolutional Neural Network model based on CO2 respiration
rate and the visual appearance of mold formation for classifying mycotoxin contamination
in wheat grains stored in sealed containers, which achieved an accuracy of 83.3%. Ref. [34]
constructed a predictive model that incorporated multiple data sources, such as historical

39



Toxins 2024, 16, 268

records of aflatoxin and fumonisin in corn, daily weather conditions, satellite imagery,
dynamic geospatial soil characteristics, and land usage information. Using both a gradient
boosting machine and a neural network, the study demonstrated that the NN models
exhibited high class-specific accuracy for predicting mycotoxin levels over a 1-year period,
with accuracies of 73% for aflatoxin and 85% for fumonisin, demonstrating their efficacy in
forecasting annual mycotoxin levels.

4.1.2. Agronomic Data

The impact of agronomic factors on mycotoxin occurrence has been extensively studied
in various research. These factors include previous crop details, the use of fungicides,
cropping patterns, and cultivar selection, all of which have been found to significantly
affect mycotoxin levels [35-37]. In a study by Ref. [38], data on cropping system factors
were used as input variables to predict aflatoxins and fumonisins in corn. Additionally,
soil properties, when combined with meteorological data and historical aflatoxin content,
have been used in gradient boosting machine models to distinguish aflatoxin-contaminated
corn [39].

4.1.3. Crop Phenology and Cultivar-Specific Data

Another important aspect of spatiotemporal data is the inclusion of specific cultivars.
Different crop varieties can exhibit varying levels of susceptibility to fungal colonisation
and mycotoxin contamination [37,40]. Including data on specific cultivars in ML models
can help tailor predictions and interventions to the particular characteristics of each crop
variety. Certain wheat varieties may be more resistant to Fusarium head blight, while
others might be more prone to infection. By incorporating cultivar-specific data, ML
models can provide more accurate risk assessments and suggest more effective mitigation
strategies [41]. This approach enhances the precision of mycotoxin contamination forecasts
and supports targeted agricultural practices, such as selecting the most resistant varieties for
planting in high-risk areas. Additionally, integrating crop phenology data, such as growth
stages and development timelines, can improve the temporal accuracy of predictions [42].

4.1.4. Spectral Data

Spectral data are one of the most common types used in mycotoxin detection, val-
ued for their non-invasive nature. This data type involves capturing the reflectance or
absorbance of light at various wavelengths from the material being analysed. Spectral data
can be further categorised into multispectral and hyperspectral data, each offering different
levels of detail and information.

Multispectral Imaging: This imaging technique captures data at a few specific wave-
length bands, making it effective for distinguishing between different materials based
on their spectral signatures. Unlike hyperspectral imaging, which captures continuous
spectral information across a wide range of wavelengths, multispectral imaging focuses on
discrete bands, making data collection and processing less complex while still providing
valuable information for specific applications. For instance, multispectral images can be
captured in controlled greenhouse environments, where conditions such as temperature,
humidity, and lighting are regulated to optimise data quality. This controlled setting allows
for consistent and repeatable measurements, crucial for precise analysis. An example of
this application is a study [43] that used hyperspectral data to detect Fusarium head blight
in wheat under greenhouse conditions, demonstrating the potential of spectral imaging
in plant pathology. Moreover, multispectral imaging can be integrated with advanced
computational techniques for enhanced analysis. In another study, Ref. [44] used ML
combined with multispectral imaging and image processing techniques to detect aflatoxin
contamination in figs.

Hyperspectral Imaging: Hyperspectral imaging is a technique that captures data
across a continuous spectrum of wavelengths, providing significantly more detailed in-
formation compared with multispectral imaging. This method is particularly valuable for
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the precise identification of toxigenic fungal contaminants and mycotoxins [45]. Hyper-
spectral images can be acquired using various platforms, including ground-based systems
and unmanned aerial vehicles (UAVs). UAV hyperspectral imagery showed to effectively
monitor Fusarium head blight in wheat fields, highlighting its potential for large-scale
agricultural monitoring [46]. In another study, Ref. [47] used a visible and near-infrared
hyperspectral imaging system operating in the range of 400-900 nm under ultraviolet
excitation. They successfully differentiated spectral characteristics between corn kernels
inoculated with aflatoxigenic A. flavus strains and naturally infected kernels from the
same field. Furthermore, Ref. [48] explored the combination of fluorescence and reflectance
visible and near-infrared hyperspectral images for detecting aflatoxin contamination in
inoculated corn kernels in the field.

Ground vs. Intact Material: The context in which spectral data are collected can also
vary. In some cases, imaging occurs on ground material, where samples are collected
and analysed in a laboratory setting. This approach allows for controlled conditions and
high-resolution data. In other instances, imaging is performed on intact material, such as
whole peanut grains [49], to assess contamination directly in the field or during processing.

4.1.5. Limitations in Image Analysis

While image analysis using spectral data is a powerful tool for detecting mycotoxins,
there are notable limitations and challenges. One significant factor is that visual features of
an image, such as plant damage or fungal presence, may not always directly correlate with
the presence of specific mycotoxins [50]. This is particularly relevant when different species
of fungi, capable of producing various mycotoxins, are involved [51]. For example, certain
fungi can cause visible damage or contamination on crops, which may be detected by ML
models. However, these visual features might not indicate the presence of the specific
mycotoxin of interest [50]. As a result, models focusing on plant damage or fungal contam-
ination might not accurately reflect the levels of regulated mycotoxins. This discrepancy
underscores the importance of integrating spectral imaging features that are more closely
associated with the specific mycotoxins being regulated. Addressing this challenge requires
combining image analysis with other data types, such as chemical analysis or molecular
techniques, to improve the specificity and accuracy of mycotoxin detection. By doing so,
ML models can better distinguish between general fungal contamination and the presence
of specific harmful mycotoxins.

4.2. Neural Networks

Neural networks (NNs), first introduced by [52], are a class of machine learning
algorithms modelled loosely after the human brain [53]. They are designed to identify
patterns and make predictions by learning from data and can be used for supervised or
unsupervised problems. NNs are made up of interconnected nodes and edges, where the
nodes represent the neurons and the edges are the links between the neurons. The nodes
are organised into layers, where the first layer is called the input layer, the last layer is the
output layer, and all intermediate layers are called hidden layers. Typically, in an NN, the
data are fed to the input layer; then one or more hidden layers perform computations and
learn from the data, and finally, predictions (or classifications) are provided by the output
layer. A simple diagram of an NN can be seen in Figure 4.

Every neuron in a hidden layer applies a weighted sum of the inputs to transform the
data. This is followed by a function, referred to as an activation function [53]. The network
fine-tunes the weights associated with each neuron by employing optimisation algorithms
throughout the training phase. There are numerous hyperparameters associated with NNs.
Some of the main hyperparameters include (i) the learning rate, which determines how
much the weights are changed at each iteration; (ii) the number of epochs, which refers to
how many times the entire training dataset is passed forward and backward through the
neural network; (iii) the batch size, which controls the number of training examples used in
one iteration; and (iv) activation functions like ReLU (Rectified Linear Unit), sigmoid, and
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tanh, which determine the output value of a node given an input or a set of inputs. After
training, the NN is capable of generating predictions for new, unseen data by passing the
input across the layers to produce an output.

Hidden Hidden
Layer 1 Layer 2

Input
Layer

Output
Layer

Figure 4. Basic neural network structure, showing an input layer, two hidden layers, and an output
layer, where each circle represents a neuron, and these neurons are interconnected by lines symbolis-
ing neural connections. The input layer receives the initial data, which are then processed through
successive hidden layers using weights and activation functions, refining the information before it
reaches the output layer.

Like all machine learning models, NNs come with their own set of advantages and
disadvantages. For example, NNs excel at identifying and modelling non-linear interactions
present in data, which are common in biological processes. They are also flexible and can
handle a wide range of data types, such as numerical and categorical, text, and image
data. Despite their advantages, neural networks also have limitations. One of the major
limitations is interpretability. NNs are considered black-box algorithms, meaning that it is
difficult to understand why specific predictions are being made [54]. Second, like many
of the other ML approaches we cover, they are not probabilistic models, making it hard
to accurately quantify the uncertainty in the predictions. Overfitting can also be an issue
for NNs. Without appropriate regularisation, NNs can become too complex, capturing the
noise in the training data instead of generalising to the underlying pattern [55]. Finally,
training large NNs requires a significant amount of computing power. The computational
cost of NNs will increase with the complexity of the model [56]. In the following subsections,
we review the use of NNs on different types of mycotoxin data.

4.2.1. NNs Applied to Spatiotemporal Data

NNs have been widely applied to spatiotemporal data, despite them not forming part
of the traditional suite of spatiotemporal analytics techniques. In the field of mycotoxin
study, NNs have been used for a variety of tasks and data types. For example, Ref. [38]
used data from several sites in Northern Italy over the years 2005 to 2018. Their goal was
to predict the presence of mycotoxins (specifically, aflatoxin and fumonisins) using NNs in
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corn. In their work, they trained two NNs to predict if the contamination levels were above
legal thresholds at the time of harvest. Both models performed well, achieving an accuracy
of greater than 75% on the test data. However, they recommend, for future research, that
improvements can be made to the modelling by taking into account the co-occurrence of
aflatoxin and fumonisins in corn and their complex interaction, which may be due to the
effects of climate change.

Ref. [57] applied NNs to analyse the concentration of mycotoxins in winter wheat
grain. They examined 23 winter wheat genotypes with different Fusarium resistances from
three different sites in Poland during the years 2011 to 2013. They developed three NN
models; however, only two of these are concerned with the detection of mycotoxins, that
is, the DONANN model, which is used to detect DON, and the NIVANN model, which
examines the nivalenol content. The DONANN and NIVANN models were designed using
an automatic network designer using Statistica v7.1 software [58], and were evaluated
among a set of 10,000 generated networks. The performance of these models was assessed
on several statistical metrics, but the primary focus was on the correlation coefficient
(which, in this case, would be the correlation between the predicted values from the
model and the actual observed values) and the mean absolute error (MAE), which is the
absolute differences between the predicted values and the actual values. For the best-
performing DONANN model, a low MAE of 0.37 was reported; however, the correlation
coefficient was exceptionally high at 0.99, indicating an almost perfect linear relationship
between the predicted and actual values. The best-performing NIVANN model, while
exhibiting a slightly lower correlation coefficient of 0.81 and an MAE of 0.02, still performed
within acceptable ranges. The architecture of the created models was designed as a multi-
layer perceptron (MLP) type of NN, with two hidden layers. Despite reporting training,
validation, and test errors, the authors did not specify the dataset on which the correlation
and MAE metrics were based.

In a novel application of NNs, Ref. [59] used a transformer-based deep learning
method, called GPTransformer. A transformer-based deep learning algorithm refers to a
type of NN architecture that relies on a mechanism called attention to boost the perfor-
mance of the model [60]. In their work, the authors proposed a transformer-based genomic
prediction model for predicting Fusarium head blight disease levels and associated DON
concentration in barley data collected in three locations in Canada over the years 2014 to
2015. One of their goals was to compare the accuracy of the GPTransformer model to exist-
ing genomic prediction methods such as decision tree algorithms (DT), linear regression
(LReg), and traditional statistical algorithms like best linear unbiased prediction (BLUP).
The authors used the Pearson correlation coefficient (PCC) as a measure of performance,
which calculates the linear relation between the true output and the predicted output. They
showed that the GPTransformer model (and all of the used ML models) did not signifi-
cantly outperform the statistical method of BLUP in terms of predictive accuracy. However,
GPTransformer did perform better than both the DT and LReg methods. The authors note
that the ML methods used are able to capture non-additive genetic elements, and as such,
the predictions provided might include some of these interactions in their estimations.

4.2.2. NNs Applied to Spectral Data

Hyperspectral (or just spectral) data refer to the capture and processing of information
from across the electromagnetic spectrum [61]. Refs. [43,62,63] applied NN classification
algorithms to pixels of hyperspectral image data to examine wheat for Fusarium head
blight infection. Each author used a convolutional NN (CNN), which captures spatial
patterns or motifs by identifying and calculating weights from the images according to
how often the motif appears.

In Ref. [43], the authors investigated four distinct methods for converting hyperspec-
tral imaging data. They then evaluated the performance of eight different CNN models
in classifying pixels as either healthy or infected with Fusarium head blight. The effec-
tivenesses of these models were compared based on their classification accuracy. They
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found that a particular type of CNN called DarkNet 19 [64] performed the best, with an
accuracy of close to 100% across all data conversion methods, on both the validation and
test data. For Ref. [63], tests showed that the CNN model is effective in detecting images
that contain the blight and achieved an R? value of 0.80, and the mean average accuracy
for the testing dataset was 92%. In Ref. [62], the authors compared the accuracies of the
different NNs to determine which is the best at identifying diseased regions of the wheat
kernel. They showed that a two-dimensional convolutional bidirectional gated recurrent
unit NN performed the best, with an accuracy of 84.6% on the validation dataset and an
F1 score and accuracy of 0.75 and 74.3%, respectively, on the test data.

Ref. [49] used a combination of hyperspectral data and NNs to detect aflatoxin in
peanuts. They showed the CNN's efficacy in classifying infected peanuts and achieved
a test set accuracy of 95%. They later expanded their work and used a one-dimensional
CNN (1D-CNN) to classify aflatoxin infection in corn and peanuts. This time, they achieved
accuracies of 96.4% for peanuts and 92.1% for corn [65].

In a research conducted by [66], infrared (IR) spectroscopy and ML algorithms were
used to detect fungal contamination in corn. In their study, 183 naturally infected sam-
ples (contaminated with different Fusarium DON species and at different concentrations)
were obtained from the seed production Linz of Austria (SBL) and from the Cereal Re-
search Centre of Hungary (CRC). The authors assessed several classification ML models,
including multi-layer perceptron (MLP) neural networks, random forests, support vector
machines, and adaptive boosting, for their accuracy in correctly classifying contaminated
from non-contaminated samples. Their results showed that the MLP approach correctly
classified 94% of the non-contaminated samples and 91% of the contaminated samples. The
authors note that while this approach yields promising results, these findings are specific
to a contamination threshold of 1250 mg/kg, which is the EU regulatory limit, and that
subsequent research will aim to evaluate the performance of the classification methods
across various contamination levels.

4.2.3. NNs with an Electronic Nose

An electronic nose (e-nose) is a device intended to detect chemical compounds
in gasses. E-noses have been extensively used in the detection of aflatoxins [67,68],
fumonisins [69], and DON [70] in corn. However, Ref. [71] used an e-nose supported
by NNss for the detection of aflatoxin and fumonisins in corn. In their work, they compared
three different approaches, that is, NN, logistic regression (LR), and discriminant analysis
(DA), to examine the e-nose’s ability to discriminate between samples contaminated with
concentrations either exceeding or falling below legal thresholds on data spanning 5 years.
They showed that all methodologies achieve an accuracy of above 70%, with the NN
performing the best with an accuracy of 78% for aflatoxin detection and 77% for fumonisin
detection. They went on to suggest that the e-nose, when supported by an NN, can provide
a fast screening tool for classifying samples.

4.2.4. NN Summary

Neural Networks have been widely adopted as the ML algorithm of choice for
analysing mycotoxin data, especially in the field of hyperspectral imaging. However,
as of yet, there seems to be a gap between research applications and the wider use in
industry. The application of NNs in hyperspectral data for mycotoxin detection (and food
safety in general) is a relatively new process, and the implementation of an NN approach
to hyperspectral data in industrial quality control faces various challenges, mainly due to
hardware limitations, such as the cost of operating imaging equipment [72]. However, in
research, NNs for use in hyperspectral imaging have seen an increase in popularity with
many of the reviewed works being widely cited, for example, Refs. [62,63].
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4.3. Random Forests

A random forest (RF) [73] is an ensemble learning method used for classification and
regression. The RF algorithm creates a forest of decision trees, where each tree in the forest is
built from a sample drawn with replacement (that is, a bootstrap sample) from the training
set and selects splits from a random subset of features.

While Section 4.6.1 provides a comprehensive examination of decision trees, this
section offers a concise introduction to familiarise readers with the basic concepts and
terminologies associated with decision trees. Figure 5 shows an example of a single
decision tree. In constructing each decision tree, the root node is the starting point, and
it represents the entire dataset, which gets split based on a feature that provides the best
separation according to a certain criterion [like Gini impurity [74]]. The decision nodes are
the points where the data are split further. Each decision node represents a decision rule
on a specific feature. The process continues recursively until a stopping criterion is met,
such as reaching the tree’s maximum depth, attaining a minimum sample count in a leaf,
or achieving adequate purity within the leaf nodes. The leaf/terminal nodes represent the
final output of the decision process. Each branch/sub-tree represents a possible outcome of
the decision made at the decision node, leading to further sub-trees or leaf nodes.

For RF classification tasks, each tree in the forest votes for a class, and the class
receiving the majority of votes becomes the model’s prediction. For regression tasks, the
forest takes the average of the outputs by individual trees. Figure 6 shows a summary of
the RF algorithm.

One of the main advantages of using RFs is their versatility. They are capable of
performing both regression and classification tasks, as well as handling large datasets.
Additionally, they require very little tuning and can perform well without much hyper-
parameter optimisation. Some of the main hyperparameters associated with RF include
the following: (i) Number of trees: this is the number of trees in the forest. Generally,
more trees increase performance but also increase the computational cost. (ii) Maximum
depth of trees: the maximum depth of each tree. Deeper trees can model more complex
patterns but might lead to overfitting. (iii) Minimum samples split: the smallest number of
samples needed to split an internal node. Setting higher values helps prevent the model
from learning overly specific patterns, which can lead to overfitting. As with NNs, RFs
are a black-box algorithm, and so interpretability can be an issue. Each decision tree upon
which the RF is built can be easy to interpret, but since RFs consist of a large number of
decision trees averaged together, the decision process by which a prediction is made can be

somewhat opaque.
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Figure 5. Decision tree process demonstrating the structure of a decision tree, including the root
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node, branching to decision nodes, and culminating in leaf/terminal nodes. The depth of the tree is
indicated, showing the levels of decision making from the root to the leaves.
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Figure 6. The random forest algorithm constructs an ensemble of decision trees, with each tree built

from a unique bootstrapped sample of the original dataset. Nodes are colored light blue to represent
the regular decision nodes of the trees. Distinct paths through each tree are shown, highlighted
by the darker blue nodes, and represent a sequence of decisions made from the root to a leaf node
based on the input features. The final prediction of the random forest is determined by aggregating
the predictions of all trees, using majority voting for classification tasks or mean prediction for
regression tasks.

4.3.1. RFs for Spectral Data

As with NNs, RFs have been applied to hyperspectral data. For example, Ref. [75] used
a RF classification model to classify corn silage for high or low mycotoxin contamination
using near-infrared spectroscopy (NIR). In their study, 155 samples were collected from
several sites in the Po Valley (Italy) and from Sardinia over the years 2017 to 2019. Their
aim was to develop qualitative models capable of distinguishing corn silage based on
either the total concentrations or the total counts of various groups of mycotoxins (in
this case, Fusarium and Penicillium toxins). To evaluate various classification strategies,
different distinct threshold levels were established for each mycotoxin contamination.
These thresholds were used to categorise each sample as having either a high or low
contamination level in relation to these specified values. To predict the contamination level,
an RF classification model was fitted, using the wavelength of light as the predictors, and
achieved an out-of-sample accuracy of above 90% for the classification of both Fusarium
and penicillium toxins.

In a 2023 study, Ref. [76] utilised NIR spectroscopy for detecting DON in oat samples
from Spain and Sweden collected over the years 2021-2022. The authors applied two
different transformation techniques to the spectral data and examined which allowed for
greater classification of the data using four different ML algorithms (k-nearest neighbours,
naive Bayes, NN, and RF). Both preprocessing transformation methods achieved similar
results for all ML methods, with RFs performing the best with an accuracy of 77.8% and an
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area under the curve (AUC) of around 0.77. However, they noted that other similar studies
have been conducted that achieved a higher classification accuracy, such as [77].

In a similar study, Ref. [78] constructed a biosensor array for identifying mycotoxins
in peanuts and corn, produced by Aspergillus flavus, using six ML models, including
partial least square determination analysis (sPLS-DA), linear support vector machine
(svmLinear), radial support vector machine (svmRadial), RE, NN, and high-dimensional
discriminant analysis (HDDA). The authors used the classification models for three separate
purposes: to distinguish healthy from infected samples, to distinguish the pre-mould status
in infected samples, and to distinguish between infected peanuts or corn samples. To
distinguish the pre-mould status, the aim was to create a three-class model to predict either
the control or 1 or 2 days after inoculation. Their approach achieved a reported 100%
accuracy in distinguishing healthy from infected samples and RF accuracies of 95% and
98% in identifying pre-mould status in peanuts and corn, respectively. However, such high
levels of accuracy warrant further investigation, as such high accuracy rates can often be
indicative of issues in the experimental design, such as the creation of non-representative
test sets or overfitting, especially if the test sets are not properly randomised.

4.3.2. RFs for Mycotoxin Treatment

ML models in mycotoxin treatment can be used to predict mycotoxin contamination
risk and optimise mitigation strategies. This application can boost accuracy in prediction
and effectiveness in deploying targeted anti-fungal treatments. In a study conducted
by [79], the authors employed machine learning techniques to predict the growth of Fusar-
ium culmorum and Fusarium proliferatum, as well as their production of mycotoxins, in
environments where ethylene vinyl alcohol copolymer films are used. These films contain
pure components of essential oils, which are used to inhibit the growth of the fungi and
their mycotoxin production. In their work, they studied fungal growth on corn in vitro and
modelled the fungal growth and toxin production under different environmental scenar-
ios and with different treatments applied. The ML models used were NNs, RFE, extreme
gradient boosted trees (XGB), and multiple linear regression (MLR). The performance of
the ML methods was assessed using the root mean square error (RMSE). It was found that
RF performed the best in predicting the growth rates of Fusarium culmorum and Fusarium
proliferatum and mycotoxin production, having consistently the lowest RMSE value.

Ref. [80] evaluated the anti-fungal properties of specific lactic acid bacteria strains
against Fusarium species found in cereals. To achieve this, various machine learning
algorithms, including NN, RF, XGB, and MLR, were employed to predict the extent of
fungal growth inhibition resulting from the application of the tested lactic acid bacteria
strains. As with the previous study, the RMSE was the metric used to assess the performance
of the model, in conjunction with the R? value. In this work, both RF and XGB showed
comparable performances, reporting similar RMSE (0.0604 and 0.0581, respectively) and
R? values (0.992 and 0.992, respectively) on the test data, in predicting the percentage of
growth inhibition.

Several other studies exist on the topic of using ML models (and specifically RF) to
predict mycotoxin growth in the presence of treatments. In the interest of brevity and space,
we name them here but do not provide additional details of the studies. In each of these
studies, the authors used multiple ML models, with a general consensus that RF models
performed the best at their given tasks. See Refs. [81-83] for more details.

4.3.3. Random Forest Summary

RFs have emerged as a robust and versatile tool in the field of mycotoxin detection
and treatment and have gained popularity due to their ease of use, computational speed,
and predictive performance. These studies collectively underline the significant potential
of RF in enhancing food safety measures, although it is crucial to acknowledge the necessity
for rigorous validation and testing to ensure the reliability of these models.
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4.4. Gradient Boosting

Gradient boosting (GB) [84] builds on the concept of boosting, where weak learners are
converted into strong ones through an iterative process. The GB framework builds boosted
regression models by sequentially training a weak classifier (such as a linear regression
or simple decision tree) successively on the data using the residuals from previous model
fits (as shown in Figure 7). This process ensures that each new weak classifier addresses
the inaccuracies of its predecessors, thereby enhancing the prediction accuracy. The final
model aggregates the outputs from all these weak classifiers to form a robust, ‘strong’
classifier through an ensemble approach. The term gradient in gradient boosting refers to
the method’s use of gradient descent, a numerical optimisation algorithm, to minimise the
loss or the difference between the actual and predicted values.

Weighted Weighted
Data Data Data
Ca® @ O Ca® @ @ Ca® @ 0O
®0 07 @0 -0 05 -0

Tree 1 Tree 2 Treen

Prediction

Figure 7. Gradient boosting process. Here, the weak learners are trees that are trained sequentially
on weighted data with iteratively adjusted weights based on previous prediction errors. The light
yellow circles represent data points with lower residuals (errors), the light blue circles represent data
points with moderate residuals, and the dark blue circles represent data points with higher residuals
from previous model predictions. The pink circles within the trees indicate the decision nodes of each
weak learner. The final prediction is made by aggregating the outputs from all weak learners.

In gradient boosting, when the weak learners are decision trees, each tree is grown in
a greedy manner, but unlike random forests, trees are grown sequentially. After the first
tree is built and predictions are made, the errors (residuals) from those predictions are used
to build the next tree. The subsequent tree aims to predict the residuals from the previous
tree. This process is continued, with each new tree correcting the residuals of the ensemble
of all previous trees. The final prediction is made by summing the predictions from all
trees, which can be thought of as a weighted vote where trees that reduce the error the
most have more influence.

An advantage of GB models is their strong predictive capability and adaptability,
especially in dealing with complex non-linear relationships between independent variables
and the dependent variable. They adapt to various prediction problems by supporting
different loss functions, making them suitable for both regression and classification tasks.
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However, these models have their challenges. Without careful tuning and regularisation,
there is a risk of overfitting, a problem exacerbated by noisy data [85]. Additionally, their
sequential boosting process is computationally intensive and time-consuming compared
with methods like random forests that build trees in parallel. This complexity can be
a significant drawback in scenarios where computational resources or time are limited.
Some of the main hyperparameters associated with GB are as follows: (i) Number of
weak learners: this defines the number of boosting stages or learners to be created. More
learners can lead to a more powerful model, but also increase the risk of overfitting and
raise computational cost. (ii) Learning rate: this parameter scales the contribution of
each learner. A smaller learning rate requires more weak learners but can yield a more
generalised model. In the case of the weak learner being trees, (iii) the maximum depth of
trees determines the maximum depth of each individual tree. Deeper trees can model more
complex patterns but can also lead to overfitting. An extension of a GBM model is called
eXtreme Gradient Boosting (XGB) [86], with the key difference between the two being
performance. In general, XGB models are faster and have better optimisation. Additionally,
XGB models have the ability to deal with missing values.

4.4.1. GB for Spatiotemporal Data

In a study by [87], the authors designed a program for aflatoxin monitoring in feed
products (peanuts and soy beans), while considering both the performance of the model and
the cost of monitoring. In the study, they applied four different ML algorithms (namely, GB,
LR, SVM, and DT) to historical data concerning monitoring for the presence of aflatoxins
in feed products. The data were collected from several sites around the world, including
China, Brazil, and Argentina, over the years 2005 to 2018. The ML algorithms were
compared to predict which feed batches are high risk and which should be considered for
further aflatoxin analysis. In their work, they found that all the ML models performed well
and used several error metrics to assess their models. They obtained an accuracy of over
90% for all models and an AUC and recall of over 0.8 and 0.6, respectively. However, the
XGB model performed better than all other models, and the authors proposed a reduction
to the monitoring cost of up to 96% for the years 2016 to 2018.

In Ref. [88], the authors proposed to use un-targeted metabolomics and ML techniques
to mine biomarkers of the species Aspergillus on peanut data collected from several sites in
China over the years 2013 to 2018. They initially used an RF model to determine Aspergillus
species with 97.8% accuracy. They then went on to use XGB to create a decision rule to help
regulators in evaluating risk prioritisation with a claimed accuracy of 87.2%. However, the
authors noted that they built the XGB model using only a single tree and used this tree to
create an operable decision workflow for risk assessment. Although using a single tree can
reduce complexity, it also increases the likelihood of less robust predictions. Part of the
strength of XGB (and GBM) models is that they iteratively correct the mistakes of previous
trees, a process that is lost if only a single tree is used.

Ref. [39] conducted a study with the objective of evaluating the performance of GBM
models to predict the presence of aflatoxins in corn at two risk thresholds, that is, 20 ppb and
5 ppb. These cut-off values were chosen based on the U.S. Food and Drug Administration’s
(FDA) action level for corn (20 ppb) [89], whereas the lower cut off is based on the European
standard of 5 ppb [90]. Additionally, the authors performed feature engineering, which
is the process of transforming raw data into meaningful and informative features with
the intention of enhancing the performance of ML algorithms [91]. The data used were
historical climate, soil, and aflatoxin data, collected in several sites in Iowa in the years
2010, 2011, 2012, and 2021. As the data had many missing values, the authors used an
imputation method; however, they noted that data from the months of January, February,
and December had to be excluded from the model as there were too many missing values
to accurately impute the data. The authors reported that the GBM model performed well,
achieving high accuracy rates of 96.8% for the 20 ppb threshold and 90.3% for the 5 ppb
threshold. The study highlighted the significant influence of the vegetative index (which
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is a quantitative measure that uses satellite imagery to assess the amount and health of
plant life in a specific area) in August on aflatoxins risk for both thresholds, indicating
the critical environmental and ecological impact of drought conditions during this month.
Additionally, predictors related to soil properties (such as hydraulic conductivity, pH, and
bulk density) were found to potentially affect aflatoxin contamination levels before harvest.

4.4.2. GB for Spectral Data

Ref. [92] conducted a study on aflatoxin and fumonisin contamination in a single
kernel corn. They argued that bulk sampling of the corn may not produce accurate results,
and thus focus solely on single kernels. In their study, they performed measurements
to show the skewness of the data and calculated weighted sums of toxin contamination.
Additionally, they aimed to improve single kernel classification performance through the
use of different ML applications. Their methodology was to take corn kernels that were
already contaminated and scan them using the NIR technique. The samples were then
ground and measured for both toxins using the ELISA method (discussed in Section 1).
In their work, they used five different ML models to classify both mycotoxins. They are
GBM, RE least absolute shrinkage and selection operator (LASSO), elastic-net regularised
generalised linear models (GLMNETs), and support vector machines (SVMs). They addi-
tionally applied ML algorithms for classifying each individual mycotoxin. For aflatoxin,
they used bagged AdaBoost, linear discriminant analysis (LDA), and penalised logistic
regression (PLR). For fumonisin classification, GBM and penalised discriminant analysis
(PDA) were used. For aflatoxin, they found that GBM was the best-performing model, with
an accuracy of 83%, on both the training and the test data. For fumonisin, the PDA model
performed the best with an accuracy of 86% on the test data. However, the authors noted
that, for future studies, opportunities for better classification exist, including increasing the
proportion of samples so the algorithm can learn the characteristics of contaminated corn
kernels better.

4.4.3. Gradient Boosting Summary

The application of GBM models across various datasets, from spatiotemporal to spec-
tral data, demonstrate their versatility and potential in predicting mycotoxin contamination
in agricultural products. While GBM models generally exhibit high accuracy, there are
criticisms concerning the robustness of these models when applied with limited trees, as
in the case of [88], or when handling datasets with substantial missing values, as noted
by [39]. The high accuracy rates reported should be examined for potential overfitting or
lack of generalisation to broader datasets. The approach of ref. [92] to single kernel analysis
opens avenues for improved precision in toxin detection, but also indicates the need for
larger sample sizes to enhance model learning.

4.5. Support Vector Machines

Support vector machines (SVMs) [93] are a set of supervised learning methods used
for classification, regression, and outlier detection. To make predictions, SVMs identify
the optimal hyperplane that maximises the margin between the two classes (where the
margin is defined as the distance between the nearest data points of each class and the
dividing hyperplane). The data points that are closest to the hyperplane and that influence
its position and orientation are known as support vectors, as they support or define the
hyperplane. Figure 8 illustrates an SVM in action. One of the key advantages of SVMs is
their versatility as they can be used on a variety of data types, and are particularly useful
for image recognition [94]. Additionally, they are memory efficient since they only use a
subset of training points, called support vectors, in the decision function. However, SVMs
require careful tuning of the hyperparameters and an appropriate kernel choice. A kernel
is a function used to transform data into a higher-dimensional space. By projecting the data
into a higher dimension, a kernel makes it possible to find a hyperplane that can effectively
separate the classes. Some of the common kernels include [95]:
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1.  Linear: No non-linear transformation, suitable for linearly separable data.

2. Polynomial: Suitable for non-linearly separable data, involves higher degree terms of
the features.

Radial basis function: Good for non-linear data, uses a Gaussian distribution.

4. Sigmoid: Similar to the sigmoid function in logistic regression.

@

Additional hyperparameters include the following: (i) Gamma: This is needed for
all kernels except linear. It determines the extent of the influence that a single training
example has. Low values indicate a wide reach, and high values indicate a close reach. A
high gamma value can cause the model to overfit. (ii) Degree: This is only relevant for a
polynomial kernel. It defines the degree of the polynomial used in the kernel. A higher de-
gree can model more complex relationships but increases the risk of overfitting. (iii) Coef0:
This is a parameter for polynomial and sigmoid kernels that adjusts the independent term
in the kernel function. It is often called the kernel bias.

Hyperplane @)

@)
OOO%O@OO @)

Support Vectors

Figure 8. Support vector machine process. The diagram illustrates the SVM’s method of finding
the optimal hyperplane that maximises the margin between two classes, depicted by the blue and
orange points. The support vectors, which are the data points closest to the decision boundary, define
the margin.

4.5.1. SVMs for Spectral Data

In the review of the literature concerning the use of SVMs in mycotoxin detection,
it was found that they were overwhelmingly used for image recognition and, as such,
primarily used spectral data. For example, ref. [45] used several ML models (SVM, NN,
and LR) for the classification of Fusarium head blight in wheat, using spectral data. The
data were collected in the years 2020 to 2021 at a sing]le site in Belgium, with the experiment
using eight varieties of wheat. They found that the SVM model outperformed both the NN
and LR method in classifying contaminated wheat in every variety, with a classification
accuracy of 96.5% on the test data (with NN and LR achieving accuracies of 82.9% and
82.5%, respectively).

In a similar study, Ref. [96] used three different imaging methods alongside ML classi-
fication models to test ground corn samples for the presence of aflatoxin and fumonisin,
both as individual contaminants and in combination. Two classification models were
used, partial least squares-discriminant analysis (PLS-DA) and SVM, using specific thresh-
old values for each mycotoxin. The naturally contaminated corn samples were obtained
from the Office of Texas State Chemist, which in turn collected the samples from different
feed companies located around Texas. They found that the SVM performed better than
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the PLS-DA with classification accuracies of 89.1%, 71.7%, and 95.7% for each imaging
technique. The imaging method with the highest accuracy was the short-wave infrared
(SWIR) method.

In a study concerning the detection of Aspergillus parasiticus in corn kernels using
NIR hyperspectral imaging, conducted by [97], the authors used SVMs to compare the
performances of multiple different preprocessing and imaging techniques. For their study,
corn kernels were harvested from Hefei City, Anhui Province, China, in 2015. Each day
(for a period 7 days), 36 sterilised corn kernels were inoculated with Aspergillus parasiticus
and were grouped into four groups depending on the day of inoculation. From this, an
SVM was used to determine which groups were infected using different preprocessing
techniques. Additionally, this study examined the orientation of the kernel in the image
to determine if this property had an effect on predictive performance. They found that
the best preprocessing method was a combination of the standard normal variate (SNV)
and moving average smoothing (MAS) methods, with an accuracy of 91.67% for detecting
contaminated kernels using the validation data. They also found that the performance of
the classified models was influenced by orientation; however, the models built using data
from a mix of kernels with their germs facing both up and down still achieved an accuracy
of 84.38% on the validation data.

4.5.2. Support Vector Machine Summary

In the reviewed work, SVMs demonstrated considerable accuracy in mycotoxin detec-
tion through spectral data analysis. However, as with other ML methods reviewed, the
consistently high classification accuracy reported raises questions about potential over-
fitting and the representativeness of the datasets used. Moreover, factors such as kernel
orientation (which refers to the way in which the kernel function transforms the input data
into a higher-dimensional space to find an optimal boundary between classes) significantly
influenced SVM performance, indicating that model robustness may be context dependent.
The choice of kernel and its parameters, like orientation, scale, and type, is critical in
shaping the decision surface and, thus, the SVM’s ability to generalise from training to
unseen data.

4.6. Other MIL Methods

In this section, we cover the remaining ML methods. These include decision trees and
Bayesian networks and have been grouped together as they make up a minority of the
reviewed work. As such, they are not separated by the type of data used, and all data types
are discussed together.

4.6.1. Decision Trees

Decision tree (DT) learning is a type of non-parametric supervised learning algorithm
used for both classification and regression tasks [74,98]. A DT is a flowchart-like structure,
resembling a tree structure with branches representing decision paths and leaves (or
terminal nodes) representing predicted outcomes (see Figure 5 in Section 4.3). A DT splits
the data into subsets based on the value of input features. Splits are chosen to maximise
the separation of the classes based on measures like Gini impurity or information gain [74].
This process continues recursively until a stopping criterion is met, resulting in a tree
where each path represents a decision pathway that leads to a predicted outcome. The
advantages of decision trees include their simplicity, interpretability, and ability to handle
both numerical and categorical data. However, DTs have a tendency to overfit, especially
when a tree is particularly deep [74]. This can be mitigated by pruning the tree or setting
a maximum depth of the tree via the use of hyperparameters. As this method is a tree-based
approach, there is an overlap with RF and GB in terms of hyperparameters. Some of these
include maximum depth, minimum samples split, and minimum samples leaf (i.e., the
minimum number of samples needed to be at a leaf node. Setting this parameter can ensure
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that each leaf node represents a reasonable number of samples, which can smooth the
model, particularly for regression tasks, and prevent overfitting).

The use of DTs in the field of mycotoxin detection is quite varied. For example, in
a study conducted by [99], in which they assessed the use of an electronic nose to identify
DON contamination of wheat samples, an extension of decision trees called Classification
and Regression Trees (CART) [74] was used to classify samples based on four thresholds of
DON contamination (1750, 1250, 750, and 500 pg/kg). For this study, 214 wheat samples
were collected from Northern Italy during the years 2014-2015 and 2017-2018. For the
threshold values of >1250 ng/kg, the accuracy of sample classification was the highest,
ranging between 88% and 92%. The lower thresholds of <750 pg/kg were found to be the
least accurate, with an accuracy of <83%. The authors proposed that the reduced sensitivity
of the instrument at lower DON concentrations might explain this drop in accuracy.

Ref. [99] examined the classification of DON mycotoxin-contaminated corn and
peanuts at regulatory limits using spectral data. The spectral data were analysed using
a bootstrap-aggregated (bagged) DT approach, focusing on the protein and carbohydrate
absorption bands of the spectrum. The corn samples were obtained by Saatbau Linz (Linz,
Austria) and the Cereal Research Centre (Szeged, Hungary). For the peanuts, 92 different
infected samples were purchased from public markets in Tanzania, Mozambique, and
Burkina Faso. The authors demonstrated that the DT method could classify corn samples
at the 1750 and 500 pg/kg thresholds for DON with accuracies of 79% and 85%, respec-
tively. Additionally, it was able to classify peanut samples for aflatoxin at 8 pug/kg with
a 77% accuracy.

In a study related to identifying and predicting risks related to the presence of fumon-
isins in breakfast cereal products, Ref. [100] developed a model specifically designed to
predict the risk of fumonisin contamination, with a particular emphasis on a mixture of
ingredients. In their research, fifty-eight distinct breakfast products were purchased from
local grocery stores in Florence, Italy, during 2019. The selection criteria for purchasing
breakfast products included (i) products with packaging sizes ranging from 200 to 500 g,
including both plastic and non-plastic materials; (ii) items sourced from retail shops; and
(iii) products primarily made of wheat, corn, dry fruits, rice, and oats. Principal compo-
nent analysis (PCA) and k-means clustering were employed to explore the connection
between cereal ingredients, their composition and packaging, and the concentration of
fumonisins. The findings suggested that the fumonisin concentration might be linked to
complex non-linear interactions among various factor variables. To explore this potential
and identify the factors most closely linked with high concentrations, DTs were employed.
Two decision trees (DTs) were developed, with the first indicating a relationship between
high concentrations of fumonisins and cereal products rich in corn, particularly when
combined with high levels of sodium or rice. The second tree highlighted a link between
corn and either high sodium or high-fat concentrations. In both models, the presence of
plastic packaging appeared to mitigate the concentration of fumonisins to a certain degree.

4.6.2. Bayesian Network

Bayesian networks (BN) are a type of probabilistic graphical model that uses Bayesian
statistics to represent and infer the conditional dependencies between different variables in
a dataset [101]. The networks are structured as a directed acyclic graph (DAG), with feature
nodes representing variables and edges indicating probabilistic relationships between
them. Predictions in BNs are made through a process called probabilistic inference, which
involves calculating the likelihood of certain outcomes based on known information and the
network’s structure. In contrast with linear regression models, BN models excel at analysing
variable dependencies, handling non-linear interactions, and incorporating diverse types of
data [102]. The strengths of BN include the handling of uncertainty, the integration of prior
knowledge with observed data (thereby enhancing the model’s predictive capabilities),
and interpretability. However, some disadvantages of using BNs exist. As the number
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of variables increases, the complexity of the network and the computational resources
required for inference can grow exponentially.

In a study aimed for predicting DON contamination in wheat, ref. [103] compared
three different modelling approaches. These are a mixed effect LR method, a mechanistic
model (which simulates the mechanisms of plant and fungus development stages and
their interactions) adapted to the current data, and a BN. These were all used to predict
DON contamination. The data used were collected in the Netherlands over the years
2001 to 2013. The results of the experiments showed that all three models performed
well, with the LR method performing the best, achieving an accuracy of 88% for detecting
DON contamination. However, the authors noted that this model is greatly reliant on
both the specific location and the available data, and it requires that all input data be
present. The mechanistic model achieved an accuracy of 80%, while the BN achieved an
86% accuracy. However, the authors noted that the BN is easier to implement when the
data are incomplete, when compared with the other methods.

Ref. [104] constructed transcriptional regulatory networks (TRNs) using a BN algo-
rithm called the module network algorithm. TRNs are complex systems in biology that
describe the relationships and interactions between various proteins and genes involved
in the process of transcription [105], where transcription is the process by which the infor-
mation encoded in a section of the DNA is transcribed to produce a complementary RNA
strand. The goal of their work was to understand how specific gene groups (modules) in the
fungus Fusarium graminearum regulate biological processes. The authors reported that their
network inference is of high credibility, with 81.8% of the evaluable modules classified as
high or moderate confidence based on their validation against a variety of evidence sources.
This suggests a robust alignment of the inferred network with the existing understanding
of the biological processes within Fusarium graminearum.

4.6.3. Summary of Other ML Methods

Decision trees have shown varying degrees of effectiveness in detecting mycotoxins,
as evidenced by diverse research outcomes. The use of CART to classify contaminated
wheat samples achieved higher accuracy at certain thresholds but showed diminished
performance at lower contamination levels. A bagged DT approach showed moderate
success, suggesting that while DTs are capable classifiers, their accuracy can vary signifi-
cantly based on the mycotoxin levels and sample types. The application of these methods
includes potential issues with model sensitivity, particularly at lower toxin concentrations,
and a reliance on the quality of the data. These factors underscore the need for a careful
calibration and validation of DTs in diverse settings for reliable mycotoxin detection.

BNs have shown effectiveness in mycotoxin detection, as demonstrated in various
studies, but with some limitations. Ref. [103] compared BNs with other models for pre-
dicting DON contamination in wheat, achieving a respectable 86% accuracy. However,
they highlighted BNs” advantage in handling incomplete data, a significant benefit over
other methods like logistic regression. The reviewed applications show BNs’ flexibility and
efficiency, though their performance can be contingent on data completeness and specific
biological contexts, which may limit their broader applicability.

4.7. Summary and Comparison of Case Studies

To provide a comprehensive overview of the specific case studies discussed, here,
we include a summary table in Table 1 that highlights the key findings by describing
the data types, ML models used, application contexts, and reported accuracies. In cases
where more than one ML model is used, the highest-performing model is reported in the
accuracy column.

Examining Table 1, we can see that the most frequently used ML model in the reviewed
studies is the neural network, with convolutional neural networks also being highly preva-
lent. The most common data type used is spatiotemporal data, followed by hyperspectral
data. The research covers a range of crops, including corn, wheat, barley, peanuts, and
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oats, with a primary focus on detecting contaminants such as aflatoxin, fumonisins, and
Fusarium head blight. However, the most commonly studied crop is corn. Many studies
achieved high accuracy rates, often above 90%, showcasing the potential of ML models
to enhance mycotoxin detection in agriculture. However, it is important to consider that
these high accuracies may be influenced by the controlled environments of individual
laboratories, which can lead to overfitting and potentially less reliable performance in
real-world applications (see Section 5 for a discussion on this).
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5. Conclusions

Our research focuses on highlighting and evaluating different ML models for mon-
itoring and predicting the presence of mycotoxins in common crops. We conducted an
extensive literature review of over 30 studies performed within the years 2013 to 2023. The
number of publications in each field has grown significantly over the 10 years reviewed;
however, the application of ML in the area of monitoring and predicting mycotoxins is
still in its infancy, and despite the promise of ML methods in mycotoxin detection, their
adoption in industry has been cautious. This is likely due to the high operational costs asso-
ciated with advanced techniques like hyperspectral imaging, as opposed to the use of ML
methods themselves. The prevalence of such data-intensive methods raises questions about
the feasibility of widespread implementation, particularly in resource-constrained settings.

We found that the most common data type was spectral or image data, and as such,
the most common ML method used was NN, as they can be readily applied to image
data. RFs were the second most popular ML method and have gained traction due to
their robustness and ease of implementation. Additionally, most of the studies reviewed
used classification ML techniques to distinguish contaminated from healthy crops. The
high predictive accuracy reported in the reviewed studies suggests that these methods
represent a promising approach for mycotoxin detection and enhancing food safety in
general. However, a point to note is that the reported high accuracy of the ML model’s
predictions, often exceeding 90%, may not fully account for the homogeneity of training
and test sets within individual laboratories. This homogeneity can result in overfitting,
where models appear highly accurate in a controlled setting but may not perform as well
under the variable conditions of real-world applications.

Although this work focused on the application of the most popular ML methods,
numerous other ML and statistical techniques have been applied to mycotoxin detec-
tion data. For example, in a study by [106], classification models such as partial least
squares-discriminant analysis (PLS-DA) and principal component-linear discriminant anal-
ysis (PC-LDA) were employed to distinguish between wheat samples with high and low
contamination. Additionally, statistical techniques like PCA are often used as a dimen-
sion reduction method. Refs. [107-109] used PCA when dealing with high-dimensional
image data.

A critical bottleneck in the development of ML applications for food safety is the
lack of detailed hyperparameter descriptions, which further complicates the landscape,
as these parameters are crucial for the replication and validation of ML models. Without
clear reporting on hyperparameter tuning, the ability to reproduce results and validate
findings becomes challenging, hindering the progression towards robust and reliable ML
applications in food safety. The majority of the reviewed studies do not provide open
access to code, and many have limited access to data, further impeding the reproducibility
of the described methods.

Despite these challenges, the future prospects of ML in food safety are promising.
As the field matures, there is a need for standardisation in reporting practices and for
developing models that can reliably perform across diverse laboratory conditions and
datasets. Extensive research could be conducted that directly compares different ML
models under a standardised set of hyperparameters, providing clearer insights into the
most effective techniques in specific contexts related to mycotoxin detection.

As the field is growing, there are numerous avenues for future work. One such
avenue is model interpretability. Given the critical nature of food safety, future research
could also focus on improving the interpretability of ML models. Techniques like SHAP
(SHapley Additive exPlanations) [110] and LIME (Local Interpretable Model-Agnostic
Explanations) [111] can be used to make the models’ decisions more transparent and
trustworthy. Furthermore, addressing the current bottlenecks, such as the high operational
costs and the need for data standardisation, will be crucial. Future research should explore
cost-effective techniques and advocate for open-access datasets and standardised reporting
practices to enhance reproducibility and application in diverse settings.

57



Toxins 2024, 16, 268

Author Contributions: Conceptualization, A.I. and A.C.P; investigation, A.L,; data curation, A.L;
writing—original draft preparation, A.L; writing—review and editing, A.C.P,, EM.D. and N.S;
visualization, A.IL; supervision, A.C.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was conducted as part of the Mycotox-I project, which is kindly supported by
the Department of Agriculture, Food, and the Marine (DAFM) and the Department of Agriculture,
Environment, and Rural Affairs (DAERA), grant number 2021R460. Andrew Parnell’s work was
supported by the SFI Centre for Research Training in Foundations of Data Science 18/CRT /6049
and the SFI Research Centre award 12/RC/2289_P2. For the purpose of open access, the author has
applied a CC BY public copyright licence to any author-accepted manuscript version arising from
this submission.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analysed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

NN Neural Network

CNN Convolutional Neural Network

RF Random Forest

GBM Gradient Boosted Machine

XGB eXtreme Gradient Boosted Machine
DT Decision Trees

CART Classification and Regression Trees
SVM Support Vector Machine

BM Bayesian Models

BN Bayesian Network

LDA Linear Discriminant Analysis

PDA Penalised Discriminant Analysis
LReg Linear Regression

LR Logistic Regression

MLR Multiple Linear Regression

LASSO Least Absolute Shrinkage and Selection Operator
GLMNET Elastic-Net Regularized Generalised Linear Models
PLS-DA Partial Least Squares-Discriminant Analysis
sPLS-DA  Sparse Partial Least Squares-Discriminant Analysis

PCA Principal Component Analysis
MLP Multi-Layer Perceptron

BLUP Best Linear Unbiased Prediction
PCC Pearson Correlation Coefficient
RMSE Root Mean Square Error

R2 Coefficient of Determination
AUC Area Under the Curve

NIR Near-Infrared Spectroscopy
DON Deoxynivalenol

Appendix A

The quality of review has been assessed according to PRISMA guidelines [112]. This
review has not been registered in a public registry. Figure Al shows a flow chart demon-
strating the selection process used in this work.
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Abstract: The presence of mycotoxins and other toxic metabolites in hops (Humulus lupulus L.) was
assessed for the first time. In total, 62 hop samples were sampled in craft breweries, and analyzed
by a multi-toxin LS-MS/MS method. The study collected samples from craft breweries in all of the
Croatian counties and statistically compared the results. Based on previous reports on Alternaria
spp. and Fusarium spp. contamination of hops, the study confirmed the contamination of hops with
these toxins. Alternaria toxins, particularly tenuazonic acid, were found in all tested samples, while
Fusarium toxins, including deoxynivalenol, were present in 98% of samples. However, no Aspergillus
or Penicillium metabolites were detected, indicating proper storage conditions. In addition to the
Alternaria and Fusarium toxins, abscisic acid, a drought stress indicator in hops, was also detected, as
well as several unspecific metabolites. The findings suggest the need for monitoring, risk assessment,
and potential regulation of Alternaria and Fusarium toxins in hops to ensure the safety of hop usage in
the brewing and pharmaceutical industries. Also, four local wild varieties were tested, with similar
results to the commercial varieties for toxin contamination, but the statistically significant regional
differences in toxin occurrence highlight the importance and need for targeted monitoring.

Keywords: hops; Humulus lupulus L.; mycotoxins; Alternaria spp.; Fusarium spp.; LC-MS/MS

Key Contribution: First confirmation of the widespread contamination of hops with Alternaria and
Fusarium toxins: a neglected risk in the brewing and pharmaceutical industry.

1. Introduction

Hops (Humulus lupulus L.) are an essential ingredient in brewing, imparting a bit-
ter flavor and floral aroma to beer. The first written record of the utilization of hops in
brewing dates back to 736 in a monastery document from the Hallertau region in Bavaria,
Germany [1]. Since then, hops have been well documented for their role in flavoring,
preserving, and stabilizing beer. The female inflorescences of the hop plant, known as cones
or strobili, are particularly valued for their production of secondary metabolites, such as
terpenes, sesquiterpenes, and prenylated phenolic compounds, which contribute to the
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beer’s bitterness and aromatic qualities [2]. These compounds also exhibit antiseptic prop-
erties, enhancing the beer’s shelf life and safety [3]. However, the cultivation and storage of
hops is not without microbial challenges. One significant concern is the contamination of
hops with (mycotoxigenic) fungi [4], which can produce mycotoxins that pose health risks
to consumers. Mycotoxins are toxic secondary metabolites produced by certain species of
fungi [5], and their presence in food and beverages is a serious safety issue, particularly in
a changing climate [6]. The biological control of these fungi and their toxins is a critical
area of research, with studies focusing on pre-harvest approaches to mitigate the risk of
contamination [7], and also ensuring stability and prevention of infection during storage [8].
Hops have been shown to be contaminated by all the main genera of mycotoxin-producing
fungi [4]: Alternaria spp., Aspergillus spp., Fusarium spp., and Penicillium spp. [9]. There
are several reports of Alternaria alternata infections of hops [4,10-12], a known producer of
Alternaria toxins, recently regulated in the EU (EC 553/2022 [13]). The infection symptoms
include necrotic lesions on the tips of bracts and bracteoles of developing cones [14]. The
disease is called Alternaria cone disorder (ACD) and is widespread in hop yards and other
agricultural systems worldwide. There is still no reported occurrence of any of the Alternaria
toxins in hops, although their presence has been implied due to frequent infection reports.
Aspergillus spp. is one of the fungi genera that has still not been isolated in naturally infected
hops [4]; moreover, hop extracts have shown great antifungal properties against Aspergillus
spp. [15,16]. Fusarium spp. is one of the most often reported mycotoxin-producing species
in hops. It is known to cause hop fusariosis (HF) [17], Fusarium canker (FC) wilting, cankers
in the crown, foliar necrosis and death of infected plants [18], and hop wilt (HW) [19].
Several Fusarium species have been identified as the causal agents of HW, including F.
oxysporum, F. culmorum, F. solani, F. proliferatum, and F. acuminatum [19]. F. oxysporum and F.
culmorum were most frequently isolated, and both are known mycotoxin producers [20,21].
The Fusarium fungi first colonize the underground plant parts (roots, crown, and rootstocks)
and the basal part of the stem, from where they disperse and attack the neighboring vas-
cular tissues. The interrupted delivery of water and nutrients to the terminal plant parts
causes chlorosis, necrosis, and wilting, first of the apical leaves, and then, of the lower
leaves. Due to the relatively high occurrence of Fusarium infection, there have also been
qualitative and quantitative PCR assays developed for the detection of Fusarium spp. in
hops [22]. Although a high incidence of Fusarium fungi is well documented, no data on the
occurrence of Fusarium mycotoxins have been published. The growth of Penicillium spp.
has rarely been reported on hops. It has been shown that hop extracts inhibit the growth
of several Penicillium spp. [15,16,23] but, on the other hand, Penicillium spp. was isolated
as a probable source of diastatic enzymes driving “hop creep” in dry-hopped beer [24,25].
After identification of the presence of Penicillium spp., there were no data on the presence
of their mycotoxins in hops. Interestingly, hop essential oils and extracts possess antifungal
properties, which can be leveraged to combat the growth of mycotoxigenic fungi [26].
Isoxanthohumol, an isoprene flavonoid found in hops, has demonstrated significant an-
tifungal activity against phytopathogenic fungi such as Botrytis cinerea. This compound
disrupts the metabolic processes of the fungi, affecting their carbohydrate metabolism and
hindering ATP generation by inhibiting respiration. Additionally, isoxanthohumol causes
membrane lipid peroxidation, accelerating the death of fungal cells. These findings suggest
that hops not only contribute to the sensory qualities of beer but also have the potential to
enhance its safety by reducing the risk of fungal contamination [27]. In addition, extracts of
H. lupulus inhibited the mycelial growth of F. culmorum, a pathogenic fungus that causes
root rot in wheat [28]. The oils and extracts of H. lupulus also showed activity against
the fungus Trichophyton mentagrophytes var. interdigitale [27]. There is a lack of testing for
mycotoxin occurrence, although there is enough evidence that mycotoxin-producing fungi
can contaminate the hops. The purpose of this study was to investigate the possibility of
contamination of the hops by mycotoxins, due to sufficient evidence of the presence of
mycotoxin-producing fungi in the published literature. The results constitute additional
research in the field and can contribute to the development of risk assessments for hop

65



Toxins 2024, 16, 293

products, and possible changes in hop production, processing, and storage to cope with a
mycotoxin contamination threat. Also, by using a wide range of state-of-the-art multi-toxin
methods, additional information on the presence of plant, bacterial, and unspecific toxins
are tested, for further risk assessment and increased food safety.

2. Results and Discussion

The results of this study confirmed the presence of multiple mycotoxins associated
with the fungal genera previously detected in hop samples [4,10-12,14,17-19,21]. The
results are divided by the main producers of the toxins/metabolites. A summary of all the
results is given in Figure 1 and they are also divided by the producers. All of the collected
samples were used in craft breweries in Croatia and four local wild varieties were collected
in the market. The data were also used for creating a heat map (Figure 2) and comparing
the data between counties by using Kruskal-Wallis ANOVA. All the results showed that
there was a statistically significant (p < 0.05) difference between the distributions of the
data in different counties.
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Amarino 2021 <LOD <lOD <LOD | 9.41<lOD <LOD | 114 208<LOD <LOD [L435/<LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD | 444 3286].02701086/<L0D [LLIA 140 166
Amber Ale <LoD <LoD <LoD 511 532 <LOD <LOD <LOD <LOD <Lop <LOD <LOD <lOD _ 186 <lOD 201 2787 <LOD _ 0.83<L0D 167 262 28.7
Bobek <lOD <lOD 037 9.12<LOD <Lop <lOD 157 <LOD <LOD <LOD <op 321 3930 <LOD <lOD 435 442
Cascade <LoD <LoD 14,05 <LOD <LoDp <top |48l <Lop <top <Lop <top | 307 3158 <LOD  0.32 <LOD
Cascade <LOD <LOD 8.72 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3466 <LOD
Cascade <LoD <LoD 654 <LOD 74.9 <LOD <LOD <LOD <LOD <LOD <Lop | 150 <LOD <LOD <LOD <LOD <LOD 058 <LOD <LOD
Cascade (Aba) <loD <LOD 1058 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2019 <LOD <LOD <LOD <LOD
Cascade 2020 <Lop 5.98/<LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3864 <LoD <Lop [0 <LoD
Celeia <LoD <LoD 11.19 <LOD <LOD <LOD <LOD <LOD <Lop <LOD <LOD <LOD <LOD <LOD <LOD <Lop 3053 <LOD | 0.23 <LOD <lOD = 18.7 189
Centennial <LOD <LOD 10.64 <LOD <LOD 24.8 <LOD <LOD 68.8 <LOD <LOD <LOD <LOD <LOD  16.0 <LOD <LOD <LOD <LOD <LOD 3843 <LOD  0.38<LOD | 092 202 215
Centennial <LOD <LOD 0.43 12.24 <LOD <LOD 22.9/<LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD | 17.2 <LOD <LOD <LOD <LOD <LOD 3416 <LOD <LOD <LOD 274
Centennial (Aba) <LOD <lOD <lOD | 18.18/<LOD <LOD 346 52.7<LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3587 <LOD <LOD <LOD 110
Centennial 2020 <lOD <lOD 034 7.62<LOD <LOD 316 396 <LOD <LOD 7.82 23.6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2861 <LOD <lOD <lOD 154 329 344
Challenger 2021 <lop [ 02163 053 699<LOD <LOD 812 469<LOD 051 0310 <LOD <LOD <LOD <LOD <LOD <LOD 112 <LOD 3578 091 087[06A 413 377 442
Chinook <loD <loD | 0.63 <LOD <LOD <lOD _ 197 <LOD <LOD <LOD 15.7 <LOD <LOD <LOD <LOD <LOD 3224 <LOD <LOD <LOD <lOD 23.6 236
Chinook (Aba) <LOD <LOD 9.87 <LOD 23.3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <lOD 209 1990 <LOD -<LOD 204 164 187
Citra <LOD <LOD 9.90 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD = 447 2549 <LOD = 0.25 <LOD <LOD
Citra 2021 <loD <LOD 17.68 <LOD <LOD <LOD <op | 213 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 020<0D | 583 586
Columbus <LOD <lOD  <LOD <LoD <LOD 47.9 <LOD <LOD <LOD | 0.058 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD  99.5 0.94 <LOD 149
Eldorado <LOD <LOD 1536 <LOD <LOD 31.3 46.8 <LOD <LOD <LOD <LoD <LoD <LOD <LOD <LOD <LOD <lLOD <lOD 107 <LoD 272 312 340
Fuggle Bio B8 <oo | 073 1485 262 <LOD <lOD 309 151 092 0.379<LOD <LOD 159 <LOD <LOD <LOD 89.1<l0D 152 1,05 <LOD
Gerweiss Magnum <LOD <LOD 6.72 <LOD 3830435 <o <Lop 101557061308 <.oD oD 162 265 2816<OD  068<lOD 141 340 36.1
Golding <lOD <LOD <LOD | 19.85<LOD <lOD  27.3<OD  0.32 0.239 <LOD <LOD 158 <LOD <LOD <LOD <loD 559 2982 <LOD | 0.29/<LOD
H.M.180 <lOD <lOD <LOD  13.60 <LOD <L0D 1.68 <LOD <LOD <LOD <LOD <lOD <LOD 92.4<LOD 118 3187 <LOD <LOD <LOD <LOD
Hallertauer Magnum ~ <LOD <LOD | 071 9.12<.OD <LOD <LOD = 162 <l0D <lOD <loD 197287 278 2790 <LOD 035 207 275 300
Hopsi, Saaz <lOD <lOD | 0.8 13.74<lOD <lOD 429 56.8<LOD <LOD <LoD 011 <LOD <LOD <LOD <LOD <LOD 64.7 <LOD  80.1 3947 <LOD 064 216 225
Local Wild <lOD <lOD | 020 17.39<LOD <lOD 918 109 <LOD <LOD <LOD <LOD 019 <LOD <LOD | 164 <LOD <LOD <lOD 4.4 <lOD 101 2499 <LOD 046 165 17.4
Local wild <LoD <LoD 13.27 <LOD <LOD | 212 350 0.3 <.0D <LoD 013 <LOD <LOD <LOD <LOD <LOD <LOD <LOD | 271 <l0D | 350 3094 <LOD = 0.91 <LOD 274 317
Local wild <LoD <LoD <LoD <LOD 145 172 <LOD <LOD <LOD <LOD <LOD <LOD | 148<OD <lOD 339 123<lOD 326 3515 <L0D | 111<lOD = 2.86 304 344
Local wild 2019 <LOD <LOD <LOD <LOD 45.4 <LOD <LOD <LOD <LOD 0314 <LOD <LOD <LOD <LOD <LOD %06 4013 <LOD | 0.29.<LOD <lOD 217 220
Magnum <LOD <LOD 655 <LOD <LOD _<LOD 26.0 122 <LOD <lOD  15.8 <LOD 287 2582 <LOD  0.47 <LOD
Magnum <loD <LOD 877 <LOD <LOD 301 0.20 <LOD -<LOD <LoD <LoD <LOD <LOD 19 2923 <LOD | 037 <LOD
Magnum <LoD <LoD <LoD <LOD 349 356 <LOD <LOD 19.1 <LOD 149 <LOD <LOD <LOD 187 <LOD 264 3016 <LOD 067 <LOD
Magnum (Aba) <LoD <LoD <LOD <LOD | 377 383<lOD <lOD 312 299 <LOD 1610948 291 <00 284 3096 <LOD _ 0.60 <LOD
Magnum 2018 <L0D <LOD <LoD <LoD | 349 37400108 <LoD [19.22 448 <LoD <LOD <LOD <LOD <LOD <LOD <oD 228 3226 <Lop [HI0:88l <LoD
Mandarina Bavaria <loD <LOD <LOD <lOD  47.6 50.8<LOD <LOD <LOD <LOD <LOD <top [IBBI<LoD <LoD <lOD = 765<l0D 927 2355 <LOD | 0.23 <LOD

Figure 1. Cont.
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Mandarina Bravaria (Ale) <LOD <LOD <LOD <lOD 417 44.2<lOD <LOD <LOD <Lop [WBHBI<L0D <LOD <LOD [145,0<LOD <LOD <LOD <LOD <LoD [WiSH 2742 <LOD | 0.35 <LOD
Mandarina Bravaria 2021 <LOD <LOD <LOD <lOD 353 .. <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 886 2355 <LOD -<LOD <LOD 17.6 18.0
Mosaic <LOD <LOD 11.00 <LOD <LOD <LOD <LOD <LoD -<LOD <LOD <LOD <LOD <LOD <LOD <LOD <LoD 3669 <LOD <LOD <LOD <LOD 32.6 326
Mosaic 2019 <LOD <LOD 0.64 12.44 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD  15.9 <LOD <LOD <LOD <LOD 3304 <LOD <lOD <LOD = 17.7 180
Mosaic 2020 23.04<0D | 084 10.80 <LOD <LOD <LOD <top <top [J00I8I<LOD <LOD <LOD <LOD <LOD <LOD <oD 127 2592 <LOD <lOD <lOD 259 26.0
Mosaic 2021 <lOD <l0D 027 13.63 <LOD <LOD <LOD <LOD 304 <LOD <LOD <LOD <LOD <LoD [WBI<LOD <lOD <LOD 659 <LOD 386 056 <top A 253 272
Nugget <LoD <LoD - 13.71<LOD <lOD = 25.6 40.0<LOD <LOD <LOD | 10.4/<LOD <LOD <LOD <LOD <lOD 16,1 <LOD <toD [HBI771288/<L.0D | 62.2 095<0D 264 332 368
Premium <LoD <LOD 17.01<LOD <LOD ~ 207 224 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <lOD 802 <LOD 802 082<0D 141 432 454
Saaz <lOD <lOD | 024 12.64<lOD <lOD 47.0 58.9<lOD <LOD <LOD <LOD <LOD ' 0.094 <LOD <LOD | 15.4<L0D <lOD <lOD  125<lOD 141 3707 <LOD <lOD <lOD 280 282
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Figure 1. Results of all detected toxins and metabolites in the hop samples. * Toxins mentioned in EC
553/2022 [13]; ** toxins from EFSA’s annual call for continuous collection of chemical contaminants
occurrence data in food and feed; *** toxins mentioned in EC 915/2023 [29]; **** toxins mentioned in
EC 165/2013 [30].
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Figure 2. Heat map of the toxin distribution in hop samples from different Croatian counties. All
concentrations are the average sum of the toxins in the selected county expressed in ug/kg. The
division of the figure is (a) Alternaria toxins, (b) Fusarium toxins, (c) plant metabolites, (d) unspe-
cific metabolites.

2.1. Alternaria Toxins

Alternaria alternata, a known producer of Alternaria toxins, is one of the fungi that con-
taminates hop plants [4,10,11,14]. The results in Figures 1 and 2a confirm the contamination
of hops with Alternaria toxins. All tested samples confirmed the presence of at least one
Alternaria toxin, with tenuazonic acid (TeA) showing the highest occurrence (100% of the
samples), followed by altersetin (ALT) (98% of the samples), and alternariol methyl ether
(AME) (quantified in 82% of the samples). The rest of the Alternaria toxins were present
in less than 5% of the samples—infectopyrone, altenusin, tentoxin (TTX), and alternariol
(AOH). A similar occurrence pattern of Alternaria toxins was found in similar matrices such
as plants from India [31], tobacco [32], and pu-erh tea [33], while different occurrences were
found in matrices such as figs, sunflower seeds, wine [34], barley [35], and millet [36].

The occurrence of TTX was low compared to other matrices, both in terms of occur-
rence data and measured concentrations, when compared to AOH, AME, or TeA. While
some studies show higher AOH levels than AME in wheat-based products [37], TeA is
always higher in concentration and occurrence compared to other Alternaria toxins. Over-
all, their occurrence data are well summarized in EFSA’s dietary exposure assessment to
Alternaria toxins in the European population [38]. It is well documented that Alternaria spp.
produces host-specific mycotoxins [39-41], so every matrix will have its specific distribution
of different Alternaria toxins. Since this is the first report, it is not possible to compare the
results to other published results.

In the European Union, three Alternaria mycotoxins are recommended for monitoring
(EC 553/2022) [13] but not in matrices such as hops, probably due to a lack of data on
their occurrence. With these new data, they could be included in a monitoring plan, risk
assessment by EFSA, or legislation due to a relatively high maximum concentration of
TeA (1174 ug/kg), exceeding most of the proposed limits in the Commission recommen-
dations (EC 553/2022) [13] on monitoring the presence of Alternaria toxins in food. The
concentrations of the other two Alternaria toxins mentioned in the legislation do not exceed
the proposed limits, although they should not be excluded from monitoring due to their
toxicities [42]. When comparing the locations of the sampling, the highest average sums of
all Alternaria toxins are in Zagreb County and Sisak-Moslavina County, while the lowest
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average sums of all Alternaria toxins were measured in samples collected in Zagreb City and
Vukovar-Srijem County (Figure 2a). When comparing the results, there was a statistically
significant difference in the individual and sum of all Alternaria toxin distributions between
different Croatian counties (p < 0.01).

2.2. Fusarium Toxins

Fusarium spp. is one of the fungi occurring most often on hop plants, causing HF [16],
FC (wilting, cankers in the crown, foliar necrosis, and death of infected plants) [17], and
HW [18]. The frequent reports of Fusarium contamination and no mycotoxin occurrence
data were a bit surprising. In this research, we confirmed the presence of 15 different
Fusarium toxins, and on average 98% of the samples were contaminated by at least one
of the Fusarium mycotoxins (Figures 1 and 2b). Out of the quantified mycotoxins, some
are regulated in the European Union (deoxynivalenol (DON), fumonisin Bl (FB1) by
commission regulation EC 915/2023 [29]); followed by some regulated by Commission
recommendations on the presence of T-2 and HT-2 toxins in cereals and cereal prod-
ucts (EC 165/2013 [30]) (T-2 and HT-2 toxins); mycotoxins from EFSA’s annual call for
continuous collection of chemical contaminants occurrence data in food and feed (beau-
vericin (BEA), enniatin B (ENNB), enniatin B1 (ENNB1), enniatin B2 (ENNB2), enniatin
B3 (ENNB3), moniliformin (MON), nivalenol (N1V)), and others are not mentioned in any
official document. Interestingly, no modified or masked forms of mycotoxins were found,
possibly due to relatively low contamination of specific metabolic pathways in hops, which
do not include glucuronidation and sulfation. UDP-glucosyltransferase (UGT) is used in
plants for modifying/masking of mycotoxins [9], but in hops it can also interfere with the
taste through the formation of flavorless glucosides of terpenoids [43]. Therefore, hop vari-
eties used in brewing are usually ones with lower UDP activity, diminishing their capacity
for defending against mycotoxins. Although we also tested four local wild varieties, they
also did not show any ability of masking compared to the commercial varieties.

Out of the unregulated Fusarium mycotoxins, the presence of bikaverin (BKV), buteno-
lide (BUT), culmorin (CUL), and siccanol (SIC) was confirmed. When comparing the
occurrence of Fusarium mycotoxins, ENNB had the highest occurrence, detected in 66% of
samples, followed by SIC (63%), FB1 (56%), CUL (55%), ENNB1 (47%), BUT (34%), BEA
(16%), DON (16%), NIV (11%), MON (10%), T-2 (10%,), HT-2 (6%), BKV (3%), ENNB2 (3%),
and ENN B3 (2%). When comparing the regulated mycotoxins to their legal limits, the high-
est detected DON level (768 ng/kg) exceeds limits for baby food and processed cereal-based
food for infants and young children, bread, pastries, biscuits, cereal snacks and breakfast
cereals, cereals placed on the market for the final consumer, cereal flour, semolina, bran
and germ as final products placed on the market for the final consumer, and other milling
products of maize not placed on the market for the final consumer. With this detected level
it is advisable to perform widespread screening and additional risk assessment, due to
hops’ usage in mainly water-soluble products (beer, infused water, and pharmaceutical
products). Comparing the T-2 and HT-2 levels to the legislation, all samples with detected
HT-2 toxin (with a maximum of 3.22 pg/kg and 24.3 pg/kg, respectively, and a median of
0.76 pug/kg and 15.8 ug/kg) exceeded the indicative level for cereal-based foods for infants
and young children, and one sample exceeded the level for bread (including small bakery
wares), pastries, biscuits, cereal snacks, and pasta. The FB1 levels were quite low compared
to the legal limits, with a maximum detected level of 19.2 ng/kg, and median level of
15.8 pg/kg. Out of the other mycotoxins, the presence of enniatins (ENNs) was expected,
and they were present in low concentrations, although their co-occurrence was high (all
ENNs and BEA). The high occurrence of CUL (55%), and its high detected concentration of
up to 1053 ug/kg, a Fusarium mycotoxin that suppress the in vitro glucuronidation of DON,
can be concerning, due to lowering humans’ detoxification capacity towards DON [44].
The other two unregulated, yet highly occurring, mycotoxins were SIC and BUT, with
63% and 55% occurrence in the tested samples. Their highest detected concentrations
were 804 ug/kg and 51.8 ug/kg, but since there are not enough toxicological data at these
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concentrations, their toxicological relevance is yet to be investigated. Similar co-occurrence
was not detected in other matrices, leaving the possibility of a similar host-dependent
pattern of mycotoxins as found in Alternaria toxins [39,41], and also for Fusarium myco-
toxins [45,46]. When comparing the regional distribution of the Fusarium toxins in hops,
the same counties (and samples) that were highly contaminated by Alternaria toxins were
also highly contaminated by Fusarium toxins. This is possible due to the phytotoxic effect
of TeA, as it helps Alternaria spp. spread on the plants [47]. When compared, there was a
statistically significant (p < 0.05) correlation between TeA and the sum of Alternaria toxins
(r =0.98), and TeA and the sum of Fusarium toxins (r = 0.61). Zagreb county had the highest
average contamination by the sum of Fusarium toxins (691 pg/kg), while Osijek-Baranja
and Vukovar-Srijem counties had the lowest average measured concentrations of Fusarium
toxins (Figure 2b), similarly to Alternaria toxins (Figure 2a).

2.3. Plant Metabolites

The only plant metabolite that was detected in quantifiable concentrations was abscisic
acid (ABA), as shown in Figure 1. It was detected in all of the samples at relatively high
concentrations, ranging from 1255 pg/kg to 4888 ug/kg. As one of the drought stress
indicators, ABA was surprisingly not correlated with a lot of the mycotoxins, although my-
cotoxin production is correlated with drought during growth [6,48,49]. The only statistically
relevant correlations (p < 0.05) were between ABA and NIV (r = 0.26), and ABA and ALT
(r =0.41). Also, in regional distribution (Figure 2(c)), the average ABA concentrations were
not similar to other mycotoxins, with the highest values in Karlovac and Slavonski Brod
Posavina County (3948 pg/kg and 3947 pg/kg), and the lowest in Lika-Senj County and
City of Zagreb (2187 nug/kg and 2396 ug/kg). The detected ABA concentrations are affected
by the growth conditions and are not expected to change significantly during storage.

2.4. Unspecific Metabolites

The unspecific metabolites are all the other metabolites that can be produced by
several fungal, bacterial, or plant sources. The most common was tryptophol, often found
in yeast as a quorum-sensing molecule [50], which can be produced by plants, bacteria,
fungi, and sponges [51] (Figure 1). In the tested hop samples, it was the most frequently
occurring unspecific metabolite, with a range from 0.48 ug/kg to 88.1 ug/kg, and a median
of 25.3 ug/kg. The second most frequently occurring metabolite was brevianamide F or
cyclo-(L-Trp-L-Pro), found in different microorganisms as a precursor of tryptophan-proline
2,5-diketopiperazines, a large group of primary and secondary metabolites in microbes, that
explains the high occurrence of 81%, with relatively low concentrations, from 0.06 nug/kg
to 1.93 ug/kg. Also, in addition to this cyclopeptide, cyclo-(L-Pro-L-Val) was also often
detected (in 63% of the samples), but also at similar low concentrations, from 0.09 ug/kg
to 9.35 ug/kg. The last two of the unspecific metabolites were 3-nitro propionic acid
and citreorosein, both in 11% of the samples, with relatively low ranges (0.12-1.27 ug/kg
and 0.04-0.67 pg/kg, respectively). Both of these metabolites can be produced by a wide
variety of fungi, and at the detected concentrations they do not pose a risk to human health.
Interestingly, when comparing the regional distribution, the highest average concentration
of the sum of unspecific metabolites was in Osijek-Baranja County, while the lowest was
in Zagreb County, the reverse of the other fungal metabolites (Alternaria and Fusarium)
(Figure 2d).

It is interesting to note that no Aspergillus or Penicillium metabolites were detected.
Both fungal genera are considered storage fungi, suggesting that all craft brewers that were
storing the hops for brewing were careful about the storage conditions. It is recommended
by the producers that hops are stored in a cold, dark, and dry environment, such as a freezer,
where all chemical reactions that degrade hops” quality are slower. On the other hand, it
was expected, according to the literature data, that there should not be any Aspergillus spp.
and a small amount of Penicillium spp., and this was confirmed by the metabolite scan.
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2.5. Transfer of Mycotoxins in Hop Products

The major usage of hops is in the brewing industry, where they can be used in three
forms: whole dried cone, pellets, and hop extract. The largest worldwide producer is the
European Union, with an annual production of 50,000 tons, where the main producers are
Germany, Czechia, Poland, and Slovenia [52]; and other high producing countries are the
United States, China, and Australia, according to Statista data for the production volume
of hops worldwide in 2022 by country [53]. Currently, more than 98% of all produced
hops are used in the brewing industry, where the main product used for brewing is hop
pellets [1], which have been investigated in this research. Outside the brewing industry,
the rest of the usage is in the pharmaceutical industry, where they can use fresh hops or
spent hops—a by-product of the brewing industry. As summarized by Korpelainen, et al.
(2021), traditionally, hops were used in beer flavoring, for preserving and clarifying, as a
vegetable, in bread making (to cultivate yeast), as a preservative in sausages, for flavoring
water, in baked goods, in tobacco, as cattle fodder, for manure preparation, as a hair rinse
for brunettes, as a deodorant (antimicrobial, fragrance), in perfumes, in skin lotions, as oil,
in pharmacy as an antibiotic, as an anti-inflammatory, as a sedative, for sleep disturbances,
headache, restlessness, tenderness of limbs, bleary eyes, gastric problems, indigestion,
appetite, toothache, earache, neuralgia, for treating leprosy, tuberculosis, asbestosis, and
silicosis, as an anthelmintic, as an antiparasitic drug, for cough, spasms, fever, and anxiety,
for clearing blood, flatulence, delirium tremens, irritable bladder, aches, and diuresis, and
in liver disorders (porphyria) [1].

The effects of processing on mycotoxins are diverse based on the type of processing.
Generally, mycotoxins are considered thermostable, and that is why they are one of the
most critical of the chemical contaminants in processed food [5]. Ninety-eight percent of
produced hops are used in the brewing industry. The first step in hop processing is drying,
which has to be performed gently at low temperatures (below 60 °C) to prevent color
and flavor changes [1]. At these temperatures mycotoxins are stable, and no mycotoxin
losses are expected [5]. After drying, the next step is milling and palletization, where low
temperature extruders are used. The palletization temperature should not exceed 50 °C to
reduce color and flavor changes [1]. There are no data on mycotoxin loss in the extrusion
process at such low temperatures, but Jani¢ Hajnal et al. (2022) have investigated the effects
of the extrusion process on Fusarium and Alternaria mycotoxins (the two most relevant
mycotoxin groups found in this research) in triticale flour [54] and concluded that due
to complex interaction of various parameters, the effect of the extrusion process on the
investigated mycotoxins still needs to be determined in detail for each combination of
ingredients as well as for the applied parameters. Use of the optimal parameters determined
for lowering the concentrations of the investigated mycotoxins gave a 9.5-85.7% reduction.
Based on those results, it can be expected that raw hops have a higher mycotoxin content
prior to palletization, but this presumption should be confirmed in a separate study. Finally,
mycotoxin transfer from hops to beer would be expected to be highly dependent on the type
of hopping during brewing and the chemical characteristics of the transferred mycotoxin. It
is expected that all mycotoxins that are polar (e.g., DON) should be transferred to the final
product, with a reduction by binding to yeast cells during fermentation, or masking due
to the metabolic activity of yeast [9]. Hops can be added early during boiling, and all the
way towards the end of fermentation. The contact time and temperature would change the
mycotoxin transfer from the hops to the beer. This transfer has been noted in some research,
where the authors had new, previously undetected mycotoxins in beer that were not found
in cereals used in brewing or in wort, but were detected after hopping [55]. It is highly
possible that those mycotoxins were extracted from hops. Mastanjevic et al., (2019) detected
statistically significant higher DON concentrations in beer samples than in wort [56], while
in other research a decrease in the mycotoxin content between the wort and the beer was
noted, except for zearalenone and tentoxin, the concentrations of which increased without
explanation [57]. None of the published research prior to this paper considered hops as the
source of the mycotoxins. Still brewing is a complex process that can have unexpected and
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unpredicted changes in the mycotoxin mixture from the basic ingredients to the final beer,
depending on numerous variables—contamination of the ingredients, parameters used
during brewing, yeast used during fermentation, used equipment, and type of beer [55]. It
is not possible to find mycotoxin-free samples of cereals and hops to be able to eliminate one
variable in mycotoxins transfer to the final product, and the only possible reliable way the
transfer could be calculated would be by adding a known amount of mycotoxins by spiking
samples and comparing them to unspiked ingredients under the same brewing conditions,
or even more precisely, the usage of stable-isotope-labeled mycotoxin standards, that are
currently not available for all of the toxins that have been detected in cereals and hops.

2.6. Health Perspective, Limitations, and Outlook

Out of the detected mycotoxins, the most concerning for health are those that are
mentioned in the legislation such as AOH, AME, TeA, DON, FB1, T-2, and HT-2, and
those that EFSA recognized in the call for continuous collection of chemical contaminant
occurrence data in food and feed such as TTX, ENNs MON, and NIV. There are many
reports on the toxic effects of the mentioned mycotoxins. AOH, AME, TeA, and TTX were
found in relatively low concentrations compared to those that were investigated in toxicity
testing studies [38,58]. Aichinger et al. (2021) have reviewed the toxic effects of Alternaria
toxins with the available data, and AOH and AME, based on EFSA’s toxicological threshold
of concern (TTC) values, showed increased risk compared to TeA. TeA has shown moderate
acute toxicity in in vivo and in vitro tests, while AOH showed immunosuppression and
topoisomerase poisoning in in vitro tests, and estrogenicity and androgenicity (endocrine
disruption) in in silico and in vitro tests [58]. The toxic effects of Fusarium toxins are well
documented, where trichothecenes have been studied in more detail, due to their higher
occurrence compared to other Fusarium mycotoxins [5,9]. There are proposed values of
TDI for DON (1 ng/kg b.w./day) based on the reduced body weight gain of mice, and an
acute reference dose (ARfD) of 8 ug/kg b.w. per meal was calculated [59]; the value for
FB1 was 1 pg/kg b.w./day based on the increased incidence of megalocytic hepatocytes
in the chronic study in mice [60]; as well as a combined temporary TDI for the sum of
T-2 and HT-2 of 0.06 ng/kg b.w./day based on the general toxicity, hematotoxicity, and
immunotoxicity of T-2 toxins [61]. Since, currently, hops are mainly used for beer flavoring,
the detected concentrations should not pose a risk to human health if ingested in beer,
and there are other ingredients that pose a greater threat (malt, cereals) to the mycotoxin
burden of the final beer. The potential hazard could be in the application of the hops as a
pharmaceutically active substance, where they are applied differently and can be absorbed
by the body through the skin or intravenously. Additionally, risks should be calculated for
the farmers and hop processing plant workers that could inhale the hop dust containing
microbes and mycotoxins. The additional concerns are due to co-occurring mycotoxins
that can change the total toxic impact; one of these highly occurring combinations that was
noted in hops is DON-CUL. Culmorin can suppress the in vitro glucuronidation of DON, a
main route of detoxification of DON in animals [44]. In combination, CUL can decrease
animals’ potential to detoxify DON and increase its toxicity. There are still numerous
uninvestigated combinations that could have antagonistic, additive, or synergistic effects.

The limitations of this study are the single year of monitoring, where only one season
of weather that could affect the mycotoxin occurrence is captured; for further perspec-
tives, it would be good to continue with regular monitoring to confirm the occurrence
pattern. Additionally, it would be interesting to check if the same mycotoxin pattern is
observed worldwide, or only in European hop samples. This first-report study, while
contributing new insights, also underscores the need for further research to corroborate
these initial results. In further research, the extraction patterns should also be evaluated
due to differences in hop usage in the brewing industry (there are different times and
temperatures of hop addition, that can affect the extraction of mycotoxins), or when used
in the pharmaceutical industry different solvents can be used (water, vaseline). In brewing,
bittering hops can be added early in the boil, flavor hops are added in the middle towards
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the end of the boil, aroma hops are added at the very end of the boil, or just after the
boil, dry-hopping is performed during or after fermentation, usually cold, and whirlpool
hopping is performed during the whirlpooling process. With an increased number of
reports, a proper risk assessment can be calculated and it can be assessed whether changes
in legislation are needed to ensure human health.

3. Conclusions

This study is the first one to confirm the presence of multiple mycotoxins associated
with fungi in hop samples, indicating the need for additional risk assessment. Notably,
Alternaria toxins were prevalent, with tenuazonic acid showing the highest occurrence (in
all tested samples). Fusarium toxins were also widespread, posing concerns due to their
regulatory limits, especially DON, which exceeded limits for various food products. The
correlation between the distribution of Alternaria and Fusarium toxins suggests a shared
contamination pattern in the field. These results highlight the importance of monitoring and
regulating mycotoxin levels in hops to ensure consumer safety in craft brewery products.

4. Materials and Methods

A total of 62 hop samples used by Croatian craft breweries were collected, with at least
one sample per county, so the whole Croatian market was included. The samples were
collected in winter 2022 and spring 2023 in accordance with the Commission Regulation
(EC) No 401/2006 of 23 February 2006, laying down the methods of sampling and analysis
for the official control of the levels of mycotoxins in foodstuffs, with the help of official
inspectors and trained scientists for the sampling. All of the hop samples collected were
from the harvesting season of 2021 and 2022, and were in the form of pellets. Brewers
(where samples were collected) kept the hop samples tightly closed or in the original
packaging with zip locks and stored them in freezers (—18 °C) or refrigerators (+4 to +8 °C)
to keep the aroma profile of the hops. The samples were stored and transported to Austria
at —20 °C. For the extraction and quantitation, the LC-MS/MS multi-mycotoxin method
developed by Sulyok et al. (2020) [62] was used.

4.1. Chemicals and Reagents

Acetonitrile, methanol, and glacial acetic acid (MS grade) were purchased from Merck
(Darmstadt, Germany), while ammonium acetate was purchased from Sigma-Aldrich
(Vienna, Austria). Ultra-pure water was produced by Elga Purelab ultra from Veolia Water
(Bucks, UK). The standards used for calibration of the multi-toxin LC-MS/MS method were
obtained either as gifts from various research groups, or from commercial sources including
AnalytiCon Discovery (Potsdam, Germany), Axxora Europe (Lausanne, Switzerland),
BioAustralis (Smithfield, Australia), Enzo Life Sciences (Lausen, Switzerland), Iris Biotech
GmbH (Marktredwitz, Germany), LGC Promochem GmbH (Wesel, Germany), RomerLabs®
(Tulln Austria), Sigma-Aldrich (Vienna, Austria), and Toronto Research Chemicals (Toronto,
ON, Canada). Stock solutions were purchased or prepared by dissolving a solid standard
in water, acetonitrile, methanol, or their mixtures. All stock solutions were stored at —20 °C
and allowed to reach room temperature prior to usage.

4.2. Sample Extraction

All samples were weighed in a 50 mL Falcon tube (5.00 g each) and extracted with
40 mL of extraction solvent (acetonitrile/water/acetic acid 79:20:1, V/V / V). After the addi-
tion of the extraction solvent, the tubes were vortexed to allow separation of the hop pellets
and ensure proper extraction. The extraction was carried out on a GFL 3017 rotary shaker
(GFL; Burgwedel, Germany) for 90 min, at 180 rpm at room temperature. After extraction,
the tubes were allowed to settle and 1 mL of the extract was transferred to an Eppendorf
tube where the fatty layer was separated by pipetting 500 pL of the bottom layer to an
autosampler vial and diluted with 500 puL of dilution solvent (acetonitrile/water/acetic acid
20:79:1, V/V /V). The samples were analyzed without any further manipulation according
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to the state-of-the-art LC-MS/MS multi-toxin method described by Sulyok et al. (2020) [62].
The samples were analyzed on an Agilent 1290 UHPLC system (Agilent Technologies,
Waldbronn, Germany), coupled to a Sciex QTrap 5500 MS/MS equipped with an ESI source
(TurboV) (Sciex, Foster City, CA, USA). The chromatographic separation was performed
on a Gemini C18 column (150 x 4.6 mm i.d., 5 um filling particle size), and a C18 security
guard cartridge (4 x 3 mm i.d., 5 um filling particle size) (Phenomenex, Torrance, CA,
USA). The used eluents were as follows: eluent A: methanol:water:acetic acid (10:89:1,
V/V/V); eluent B: methanol:water:acetic acid (97:2:1, V/V /V). All of the further method
details are described in the method paper published by Sulyok et al., (2020) [62].

4.3. Statistical Analysis

For the statistical analysis, Statistica 14.1.0.8. (Cloud Software Group Inc.) and Tableau
Desktop 2023.3.1 (Tableau Software) were used. For the normality of the data distribution
the Shapiro-Wilk W test was used, and for further comparison of the data distribution
non-parametric tests were used (Mann-Whitney U test, and Kruskal-Wallis ANOVA),
while for the correlations the Spearman rank-order test was used. Tableau was used to
generate heat maps based on the average concentrations in the samples from different
Croatian counties. All data below LOD values were substituted with 0 in accordance with
the lower bound EFSA guide on the management of left-censored data [63].
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Abstract: Fusarium verticillioides produces fumonisins, which are mycotoxins inhibiting sphingolipid
biosynthesis in humans, animals, and other eukaryotes. Fumonisins are presumed virulence factors
of plant pathogens, but may also play a role in interactions between competing fungi. We observed
higher resistance to added fumonisin By (FB;) in fumonisin-producing Fusarium verticillioides than in
nonproducing F. graminearum, and likewise between isolates of Aspergillus and Alternaria differing
in production of sphinganine-analog toxins. It has been reported that in F. verticillioides, ceramide
synthase encoded in the fumonisin biosynthetic gene cluster is responsible for self-resistance. We
reinvestigated the role of FUMI17 and FUMI8 by generating a double mutant strain in a fuml
background. Nearly unchanged resistance to added FB; was observed compared to the parental
fum1 strain. A recently developed fumonisin-sensitive baker’s yeast strain allowed for the testing of
candidate ceramide synthases by heterologous expression. The overexpression of the yeast LAC1
gene, but not LAGI, increased fumonisin resistance. High-level resistance was conferred by FUM18,
but not by FUM17. Likewise, strong resistance to FB; was caused by overexpression of the presumed
F. verticillioides “housekeeping” ceramide synthases CER1, CER2, and CER3, located outside the
fumonisin cluster, indicating that F. verticillioides possesses a redundant set of insensitive targets as a
self-resistance mechanism.

Keywords: fumonisin; self-resistance; ceramide synthase; gene disruption; heterologous expression;
target insensitivity

Key Contribution: Using a recently described fumonisin-sensitive Saccharomyces cerevisiae strain,
evidence has been obtained that not only one FUM cluster-encoded ceramide synthase gene (FUM18),
but also CER1, CER2, and CER3 of E. verticillioides encode insensitive enzymes involved in fumon-
isin self-resistance.

1. Introduction

Sphingolipids are abundant in the membranes of eukaryotes but also exist in some
prokaryotes [1]. In eukaryotes, they are involved in processes like membrane traffick-
ing, cell signaling, apoptosis, and others. Furthermore, disturbances in sphingolipid
metabolism have been implicated in a variety of human diseases [2]. The sphingolipid core
structure consists of a long acyl chain amide, which is linked to a fatty acid by ceramide
synthase [3]. The long chain base in animal ceramides is sphingosine, while in plants and
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fungi, sphingolipid biosynthesis starts by the condensation of the tri-hydroxylated long
chain base phytosphingosine with an alpha-hydroxylated very long chain fatty acid [4].
Phosphosphingolipids have a polar headgroup linked to ceramide via a phosphodiester
bond. Highly complex structures [5,6] exist in different organisms with different roles due
to the attachment of inositol(-phosphates) and different sugar moieties.

Fumonisins are the major group of “sphinganine analog mycotoxins” [7], alongside
the AAL toxin produced by Alternaria alternata f.sp. lycopersici. Fumonisin By (FBy) in
particular is known to efficiently inhibit ceramide synthase in plants [8,9] and animals [10]
by competing with sphinganine and acyl-coenzyme A [11,12]. Disturbances of sphingolipid
biosynthesis have many effects: FB; is a potential human carcinogen (group 2B according
to the International Agency for Research on Cancer), further implicated in esophageal
cancer and neural tube defects in humans, and known to cause animal diseases such
as equine leukoencephalomalacia, porcine pulmonary edema and cancer. Also, terato-
genic, mutagenic, cytotoxic, nephrotoxic, neurotoxic, and immunotoxic effects have been
described [13-15].

The main producers of different fumonisins are plant pathogenic fungi, such as
different species of Fusarium, several species of black Aspergilli and also Verticillium and
some Alternaria strains [16]. Yet, Alternaria alternata f.sp. lycopersici typically produces
the structurally related AAL toxin (see [7] for review). The gene clusters for fumonisin
biosynthesis in different fungi have been elucidated [7,17-19].

Whether fumonisin production is a virulence factor of plant pathogenic fungi is a
controversial issue. Fumonisin-deficient fum1 mutants of F. verticillioides were still able to
cause Fusarium ear rot in maize [20]. An F. verticillioides strain from banana (now F. musae)
containing a large deletion of the FUM cluster was not pathogenic to seedlings of maize.
Yet, when the FUM cluster was added back by transformation and fumonisin biosynthesis
was restored, it gained virulence [21]. Also, inactivation of fum1 in several strains led
to reduced stunting of seedlings, indicating that it is a virulence factor in seedlings at
least in some sensitive maize cultivars. Maize can have highly variable resistance to
FB; in a seed germination assay [22]. For F. proliferatum, which causes rice spikelet rot
disease, it was shown that the disruption of several genes leading to loss of fumonisin
production caused reduced virulence [23]. Also, in Verticillium dahliae causing wilting
disease in cotton, fumonisin-deficient knockout strains were less virulent [24]. In the case
of Alternaria alternata f.sp. lycopersici, which causes stem canker on susceptible tomato
cultivars, resistance to the AAL toxin leads to resistance against the fungal pathogen (host
selective toxin) [25]. Tomatoes with a homozygous loss of function of Ascl, encoding
a ceramide synthase, are susceptible to the toxin and to the fungus [26]. Similarly, in
Arabidopsis, inactivation of one of three ceramide synthase genes in this species, LOH2,
leads to toxin sensitivity and breakdown of non-host resistance against an AAL-producing
Alternaria alternata [27].

F. graminearum and F. verticillioides can co-occur and compete in infected maize ears. In
a recent study [28], no significant difference between wild-type and fum1 mutants in disease
severity or amount of fungal DNA in the inoculated maize line was found. Yet, it was
demonstrated that wild-type F. verticillioides could suppress the growth of F. graminearum
in a co-culture on autoclaved kernels more strongly than a fumonisin-nonproducing strain.
The authors hypothesized that fumonisin production in seeds suppresses colonization by
other fungi after the seeds have been shed and that the main function of fumonisins thereby
is to increase saprophytic fitness.

Data on fumonisin resistance or susceptibility in different fungi are scarce. It has been
reported that FB; in very high concentrations (200 pL of up to 40 mM—corresponding to
mg amounts per well in the agar) produced large growth inhibition zones with isolates of
Botrytis cinerea and (not AAL-toxin-producing) A. alternata from a South African collection,
while F. graminearum showed much higher resistance [29]. Conversely, Dawidziuk et al. [30]
reported that a Fusarium graminearum isolate from Poland showed strong growth retardation
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by fumonisin already at the low concentration of 3 mg/L FB; mixed into the agar medium,
while F. oxysporum and F. proliferatum isolates were unaffected by this concentration.

In principle, very high concentrations of fumonisins and also AAL toxin can be
produced in fungal cultures and some mechanism of self-resistance must exist in toxin-
producing fungi. Recently it has been reported that in the case of Fusarium verticillioides,
self-protection against FB; is conferred by a FUM cluster-encoded ceramide synthase [31].

The aim of our study was to test whether Fusarium, Aspergillus, and Alternaria strains
producing sphinganine-analog mycotoxins have higher levels of FB; resistance than related
non-producers. Testing by gene disruption revealed that the cluster-encoded ceramide
synthases of F. verticillioides are unexpectedly NOT necessary for high-level resistance. This
result is explained by our finding that three presumed housekeeping ceramide synthases,
when expressed in a sensitive yeast strain, are sufficient to confer high-level FB; resistance.

2. Results
2.1. Sphinganine-Analog Producing Fungal Species Are More Resistant to Fumonisin By
Than Non-Producers

To investigate whether the production of fumonisins or the related AAL toxin is
associated with increased toxin resistance, we compared the growth of various fungal
strains (see Table 1) in the presence of FB;. First, we compared the growth of a well-studied
F. verticillioides strain (FGSC 7600), which had been previously utilized for elucidation of the
FUM cluster and for determination of the first genome sequence [32], with the growth of
the likewise relevant fumonisin-nonproducer F. graminearum (strain PH-1, [33]) at different
temperatures and different levels of fumonisins added to minimal medium. Since very
high concentrations were needed for full inhibition, a crude concentrated extract containing
fumonisins By, By, and B3 was used as previously described [34], which contained 3.18 g/L
FB;. Without added toxin at 20 °C, F. graminearum (red pigmented, on the right half of the
plates shown in Figure 1) grew more vigorously and covered a larger portion of the medium
than F. verticillioides. At 30 °C, F. verticillioides grew better, and after two weeks, both strains
covered about half of the plate. When increasing amounts of fumonisin were added to
the medium, F. graminearum was increasingly inhibited, while F. verticillioides continued
to grow. At the highest concentration tested (176 uM FBy), growth of F. graminearum was
completely inhibited, while F. verticillioides showed only marginally reduced radial growth
after 7 days at 30 °C (Figure 1). We conclude that the fumonisin-producing F. verticillioides
has clearly higher resistance to fumonisin than F. graminearum.

Table 1. Fungal strains used in this study.

Species Strain Designation (Other Collection) Genotype
Fusarium verticillioides FGSC 7600; (FRC M-3125, NRRL 20956) wt !
Fusarium graminearum PH-1 (NRRL 31084) wt

.
Alternaria alternata (mali) MA 304 (CBS 106.24, ATCC 13963) wt
Alternaria alternata MA 308 (CBS 150.24) wt
Aspergillus niger ATCC 11414 wt
Aspergillus nidulans FGSC A4 (ATCC 38163) wt

F. verticillioides GfA2364 fuml:hygB

F. verticillioides E?Egi fuml 7—f1u8121::f[}é(ﬁk—nptﬂ
(this study)

1wt (wild-type).
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FB1

FMM | 18 uM 44 UM 88 uM 175 uM |

20°C
7 days

20°C
14 days

30°C
7 days

30°C |
14 days ¢

Figure 1. Growth of F. verticillioides and F. graminearum on FMM medium containing FB; (crude
extract) at different temperatures. Pictures were taken after the indicated incubation time (on day 7
from above and on day 14 taken from below for better visualization of the red F. graminearum pigment).

Next, we compared various Alternaria strains (Figure 2A) producing or not producing
sphinganine-analog toxins. The A. alternata f.sp. lycopersici strain AS27-12 is a well-known
producer of AAL toxin and related derivatives [35]. Its resistance level was compared to
two A. alternata isolates from our local university collection (Austrian Center for Biological
Resources (https://acbr-database.boku.ac.at/, accessed on 21 May 2024)). The strain
MA 304 was originally isolated from apple in the USA, whereas MA 308 caused leaf
spot in Solanum tuberosum. Both strains do not produce AAL toxin. Already, at the low
concentration of 10 uM (about 7.2 mg/L), the growth of both nonproducing strains was
strongly reduced to about 20% of the diameter, while the AAL-producing strain had 78%
of its diameter on the no-toxin control. At 50 uM FB;, the AAL strain had an about 50%
reduced diameter, while the two nonproducer strains were almost completely inhibited.
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FB1

PDA

7S

A. alternata f.sp. lycopersici  tox

A. nidulans  tox™ A. niger

Figure 2. (A) Growth of Alternaria strains on FB; containing PDA medium. Small agar blocks of the
indicated Alternaria strains (AAL toxin producer (tox™) on top, the two nonproducers (tox ™) below)
were transferred to PDA plates containing the indicated amount of FB;. (B) Growth of A. nidulans
(not fumonisin producing) and A. niger on PDA plates supplemented with PABA (p-aminobenzoic
acid (PABA), 1.0 mg/L) and containing the indicated concentration of FB;

We also tested (Figure 2B) whether an Aspergillus niger wild-type strain, for which
fumonisin production had been demonstrated (ATCC 11414, [36], see Table S1 therein),
is more resistant than a wild-type A. nidulans strain (FGSC A4, [37]). F. verticillioides was
added on top of the plates as a control (Figure 2B). At 10 uM FBy, the A. nidulans strains
were already fully inhibited, while A. niger was only slightly inhibited (compared to no
toxin 86% diameter at 10 pM and 66% at 50 uM). Seemingly, a mechanism of protection
exists in sphinganine-analog toxin producers. We set out to test whether target insensitivity
is involved.

2.2. Generation and Characterization of a fum17-18 Deletion Strain in a fum1 Background

To be able to study the effects of added toxin undisturbed by endogenously syn-
thesized fumonisin, we generated a fum17-fum18 double mutant in the background of a
fum1::hygB mutant. The previously described fum1 mutant strain GfA2364, which is derived
from the wild-type strain FGSC 7600 [20,38] by insertion of the hygB resistance gene into the
FUM1 PKS, was transformed with a construct that allows for simultaneous deletion of both
genes using a nptll (G418) resistance cassette (see Section 4). Two transformants, designated
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KTFD1 and KTFD4, were obtained and used in the fumonisin resistance tests: their growth
was compared to the growth of the parental fuml mutant strain GfA2364. As evident from
Figure 3—even on the highest concentration tested—both, the wild-type and the knockout
strains were still able to grow. For unknown reasons, stronger and earlier pigmentation
occurred in the wild type. We conclude that the cluster-encoded ceramide synthase genes
FUM17 and FUM18 are not necessary for high-level resistance to fumonisin B;.

FB,

50 pM 100 uM

Figure 3. Growth of Afum1 and two Afum1 Afum17-18 (double mutants, KTFD1 and KTFD4) mutants
on FBj-containing plates. The fum17-fum18 (bottom) were inoculated onto FMM plates containing

different concentrations of crude FB; together with the parental fum1 (top). Strains were grown for
12 days with pictures taken after 10 and 12 days. The bottom row shows the backside of the plates
after 12 days (note, that plates are mirrored).

2.3. Testing Fumonisin Resistance of Ceramide Synthase Genes by Heterologous Expression
in Yeast

The finding that the FUM17 and FUM18 genes are not necessary for self-resistance
against FB; indicates possible redundancy. F. verticillioides has three additional predicted
ceramide synthase genes, CER1, CER2, and CER3 [31], encoded outside the FUM clus-
ter. We have recently reported the construction of a fumonisin-sensitive Saccharomyces
cerevisige strain [34]. We transformed this strain with the plasmids described by Janevska
et al. [31] for the expression of the F. verticillioides ceramide synthase cDNAs behind the
constitutive TEFI promoter. As controls, the yeast ceramide synthases LAGI (“longevity
assurance gene”, [39]) and its paralog (“longevity assurance cognate”) LACI [40] were also
overexpressed. Yeast transformants were spotted onto SC-URA plates supplemented with
increasing amounts of FB;. Overexpression of LACI, but not of LAGI, conferred low-level
resistance at concentrations that were inhibitory for the empty vector controls. At higher
concentrations, the yeast genes did not confer resistance, in contrast to F. verticillioides
FUM18, CER1, CER2, and CERS3.
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CER2
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As shown in Figure 4, the yeast host (containing functional endogenous LAGI and
LACI genes) transformed with the empty vector was already sensitive to 2.5 uM FBjy.
Overexpression of LACI but not LAGI in the 2 p multicopy plasmid behind the strong
TEF1 promoter conferred a low level of increased resistance. On the other hand, high-level
resistance (highest concentration tested 150 uM) was conferred by the expression of FUM18
but not FUM17, and equally well by all three F. verticillioides ceramide synthases, CER1,
CER?, and CER3.

SC-URA | 2:5um

Figure 4. Growth of transformants of the FB;-sensitive Saccharomyces cerevisiae strain YTKT33 on URA-
dropout SC agar media containing increasing concentrations of FB;. For the highest concentration,
75% pure FB; was used. YTKT33 was transformed with the empty expression vector, pYes2-Prgr;
(negative control), or expression vectors containing: F. verticillioides ceramide synthase CER1, CER2,
CER3, the two S. cerevisiae ceramide synthases LAGI and LAC1, and two putative ceramide synthase
genes from the F. verticillioides fumonisin cluster, FUM17 and FUM18.

3. Discussion

The FUM cluster of F. verticillioides contains two genes, FUM17 (FVEG_00327) and
FUM18 (FVEG_00328), which have sequence similarity to ceramide synthases. It has
previously been reported [41] that both FUM17 and FUM18 expression were upregulated
by FB; addition to the medium. We used a fum1 background to avoid contribution by
differences in endogenous FB; production to the overall effect. Both genes, which are
located next to each other (with overlapping 3’ ends of the mRNAs), had been inactivated
simultaneously by the insertion of a hygromycin resistance gene, which did not lead to
a significant reduction of fumonisin production [12]. More recently, it was reported that
“self-protection against the sphingolipid biosynthesis inhibitor fumonisin B; is conferred
by a FUM cluster-encoded ceramide synthase” [31]. Using an assay supposedly reflecting
fungal biomass, which is based on the activation of resazurin (a dye that is converted into
the fluorescent derivative resorufin by respiratory activity), more relative inhibition (about
120% compared to wild-type) in liquid culture was observed upon addition of FB; [31]. No
direct evidence for reduced growth of the knock-out strain on a solid medium was shown.

Our results confirm that the FUM18 gene is sufficient to confer fumonisin resistance
when expressed in fumonisin-sensitive yeast. The double mutant lagl1 lacl is lethal in
most yeast strains. The FUM17 plasmid did not complement the conditional yeast mu-
tant [31] when doxycycline was added in order to switch off the expression of the integrated
tetracycline-regulated promoter Ptpr-LAGI gene in the Alacl background. In agreement
with this finding, we did not observe increased resistance compared to the empty vector in
our sensitive yeast strain. It has been reported that FUM17 is obviously non-functional in
two other strains of the F. fujikuroi species complex [41], and more subtle mutations may also
lead to the inactivity of the F. verticillioides FUM17 gene product. While FUM18 is sufficient
to confer resistance in yeast, it is surprisingly not necessary for the high-level resistance
to FBy in E. verticillioides. The knockout mutants (fum17-18 double mutant, similar to that
described but with a different selection marker, fum17-18A::HSVtk-nptll) in the fum1::hygB
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background are hardly inhibited in growth on solid medium by added FB; (Figure 3). The
observed effect of inactivating the cluster ceramide synthases on FBj-mediated growth
inhibition is minor, but unexpectedly, differences in the amount and timing of pigment
formation were observed between independent fum1 fum17-18 and fum1 mutants. Since
both strains are fum1 mutants, this should not be due to an alteration of the metabolic flux
from fumonisin into a different metabolite that is responsible for this phenotype. Further
research would be necessary to elucidate which changes occur at the level of the transcrip-
tome or metabolome. The result that FUM18 is not necessary for fumonisin resistance can
be explained by our finding that other ceramide synthases of F. verticillioides also confer
high-level resistance in yeast. A surprising result is the high level of resistance conferred
by CER3 (FVEG_15375), as it was reported that this gene is not able to complement the
yeast ceramide synthase’s loss of function [41]. Janevska et al. [41] reported that in the
resazurin assay, overexpression of CER1 (FVEG_06971) and CER2 (FVEG_06971) showed a
slightly reduced growth inhibition compared to the empty vector. In our strain, the same
overexpression plasmids conferred high-level resistance (no evident inhibition at 175 pM
FB1) and the transformants were growing at least as well as the FUUM18-overexpressing
strain (see Figure 4).

The finding that FUM18 is not necessary for self-resistance is in agreement with results
with an alt7 knockout strain in A. alternata producing AAL toxin. ALT7 is a ceramide
synthase gene located in the cluster for AAL toxin biosynthesis. The knockout of ALT7 had
no deleterious effect on the AAL toxin-producing pathogen, so the authors concluded that
the gene does not act as a resistance/self-tolerance factor [42].

For the fungi that we tested, the hypothesis holds true that fumonisin producers are
more resistant to FB; than related non-producers. Several black Aspergilli can produce
fumonisins By, By and Bg, e.g., on grapes [43] or maize [44], although the levels are typically
lower than in Fusarium. The non-producing model fungus A. nidulans turned out to be ex-
tremely sensitive to added FBy; growth was already fully inhibited by 10 pM FB;. The FUM
cluster of A. niger does not contain a ceramide synthase [45], but it nevertheless showed
higher resistance than A. nidulans and it potentially also has “housekeeping” ceramide
synthase genes responsible for the higher FB; resistance. In agreement with the reported
much higher resistance in F. graminearum [29] and in contrast to Dawidziuk et al. [30], we
found that the F. graminearum strain PH-1, lacking a FUM18 ortholog, displayed quite high
FB; resistance (Figure 1). If the fungus—fungus competition hypothesis is meaningful, as
obviously production of very high levels of fumonisins is needed in this scenario.

Numerous cases exist (for review see [46]) where duplicated housekeeping genes
containing sequence alterations encode insensitive target enzymes. These are often associ-
ated with toxin or antibiotic biosynthetic gene clusters, which allow for the elucidation of
the mode of action of some compounds [47,48]. The presence of a (duplicated) putative
self-resistance gene in a secondary metabolite biosynthetic cluster has been successfully
used to identify new compounds with a desired mode of action, for instance, in the case of
aspterric acid of A. terreus targeting branched-chain amino-acid biosynthesis [49]. Yet, the
conclusion that such enzymes are also necessary for self-resistance may not be correct. Our
results show that in the case of F. verticillioides, the fumonisin-cluster-encoded ceramide
synthase FUM18 is not necessary for self-resistance due to redundancy in self-resistance
genes, as three other ceramide synthases, CER1-3, are additionally sufficient to confer
fumonisin resistance.

4. Materials and Methods
4.1. FBy-Sensitivity of Growth of Fusarium and Other Fungi

FE. verticillioides (FGSC 7600) and F. graminearum (PH-1) were activated on Fusarium
minimal medium (FMM; 1 g/L KH,POy, 0.5 g/L MgSO4-7H,0, 0.5 g/L KCl, 2 g/L NaNOs,
30 g/L sucrose, 20 g/L agar, 200 ul/L of a trace element solution that was added after
autoclaving) plates. Conidia of the Fusarium strains were generated by inoculating 50 mL
of mung bean extract (MBS, filtrate of 10 g mung beans per L water boiled for 20 min)
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in a 250 mL baffled flask with fungal mycelium. After 3 days of incubation on a shaker
at 140 rpm at 20 °C in the dark, conidia were obtained by removing mycelium using
sterilized glass wool and subsequent sedimentation overnight at 4 °C. Five hundred spores
were spotted onto FMM plates containing different concentrations of FB;. Aspergillus
and Alternaria strains were grown on potato dextrose agar (PDA, Sigma-Aldrich, Vienna,
Austria). Agar blocks from colonies grown on PDA were transferred onto plates containing
different concentrations of FB;. The plates were supplemented with different concentrations
of a crude FB; extract that was previously used for yeast spottings [34]. Pure fumonisin
was purchased from Fermentek (Jerusalem, Israel) and Fumizol Ltd. (Szeged, Hungary),
and the 70% pure FB; was a gift from Romer Labs. The plates were incubated at 20 °C and
pictures were taken after 5 days.

4.2. Generation of Afum1, Afum17-18 Mutants

The fumonisin-nonproducing Afum1 mutant GfA2364 containing a hygromycin re-
sistance cassette disrupting the coding region of FUM1 polyketide synthetase was kindly
provided by Dr. Robert Proctor. FUMI1 disruption was confirmed by using primers
hyg-FW and hyg-RV to amplify an internal 861 bp hygromycin fragment, as well as by
implementing primers flanking the insertion site (primers GfA2364_fumltest_fw and
GfA2364_fumltest_rv), leading to a 2.9 kb fragment (Table 2).

Table 2. Primers used in this study.

Name Sequence

Afum1 confirmation

GfA2364_fumltest_fw AGAAGCCTTGATGCTGCCTA
GfA2364_fumltest_rv GAGTGATGTCCCATGGCAGA
hyg-FW GCTTTCAGCTTCGATGTAGGAGG
hyg-RV CTACACAGCCATCGGTCCAGAC
Afum17,18 disruption

Fw_Fum327KO ACTAGTCACGACAGTAAGAAGCAA
Rv_Fum327KO GACTTGACGGGGATCGGTTC
Fw_Fum328KO GGATTTGGAGACAAGTACGA
Rv_Fum328KO GTCGACATCCTTCTCGAAGGCCAG
P#926 TGCTCCAACTCAGGCGATGCTG
P#940 CCGTCTAGCGCTGTTGATTGTATT
FUM1718_upstream_PCRtest GCCTTCAAAGTTCATCATGGC
FUM1718_downstr_PCRtest TAAGCGTGTCGTAACCTGTG

A double knock-out of putative self-protection genes FUM17 (FVEG_00327) and
FUM18 (FVEG_00328) was performed in strain GfA2364 by replacing them with a ge-
neticin resistance marker, nptIl (G418). The 5’ UTR upstream of the FVEG_00328 promoter
was amplified from F. verticillioides genomic DNA using the primers Fw_Fum328KO and
Rv_Fum328KO, while the downstream UTR of FVEG_00327 was obtained using the primers
Fw_Fum327KO and Rv_Fum327KO. The 5’ UTR was digested with Bcul and EcoRI and
ligated into vector pKT300 containing a fusion gene between HSV-thymidine kinase and
nptll [50]. Likewise, the 3" UTR, was also cloned into pKT300 using HindIIl and Sall.
Finally, they were cloned into the same disruption plasmid, named pKT314. GfA2364 was
transformed using a standard transformation protocol [50]. The knockout was confirmed
by using the primers FUM1718_downstr_PCRtest, located downstream of FUM17, in com-
bination with #940 (inside terminator region of disruption plasmid), located inside the
disruption plasmid, as well as FUM1718_upstream_PCRtest, upstream of FUM18 together
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with #926 (inside promoter region of disruption plasmid). Both of these amplifications lead
to the expected 1 kb fragment, while the control (GfA2364) did not give a band. Primary
transformants were obtained and purified to generate homokaryotic transformants. To this
end, conidiospores were re-isolated from single colonies for two rounds while maintaining
selection pressure to generate second-generation transformants. Primer sequences and
purposes are given in Table 2.

4.3. Expression of Putative Self-Protection Genes in an FB;-Sensitive Baker’s Yeast Strain

Plasmid pYes2-Prpp; [31] was used to express predicted fumonisin self-protection
genes. It contains LURA3 as a selection marker, with genes expressed under the constitutive
yeast TEF1 promoter. Plasmids containing CER1, CER2, CER3, LAG1, LAC1, FUM17,
and FUM18 were described in [31] and kindly provided by Dr. Vito Valiante (Leibniz
Institute for Natural Product Research and Infection Biology, Hans Knoll Institute, Jena,
Germany). The fumonisin-sensitive baker’s yeast YTKT33 [34] was transformed with these
plasmids using the lithium transformation protocol and selected on synthetic complete
media lacking uracil (SC-URA). For plate assays, liquid overnight cultures were diluted
back to an ODgponm of 0.1. After reaching an ODggonm of about 0.3, they were diluted to
an ODgponm of 0.1, 0.01, and 0.001, and 3 uL of these suspensions was spotted on the agar
plates. Photographs were taken after a 5-day incubation period at 30 °C.
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Abstract: Aflatoxin By (AFBy), primarily produced by Aspergillus flavus and A. parasiticus, is the most
dangerous mycotoxin for humans and contaminates a variety of crops. To limit fungal growth and
aflatoxin production in food and feed, research has been increasingly focusing on alternatives to
pesticides. Studies show that some aqueous plant extracts with strong antioxidant properties could
significantly impact AFB; production, representing an eco-friendly and sustainable method to protect
crops. The present study demonstrates that aqueous extracts of Anonna muricata (AM) and Uncaria
tomentosa (UT) inhibit AFB; synthesis in a dose-dependent manner with a half-maximal inhibitory
concentration of 0.25 and 0.28 mg dry matter per milliliter of culture medium, respectively. This
effect correlates with the presence of polyphenols and, more precisely, with condensed tannins. It
is also related to the subsequent antioxidant activity of both extracts. A bio-guided fractionation
followed by high-performance liquid chromatography and mass spectrometry analysis of the active
fractions identifies procyanidins and, more precisely, catechin (5.3% w/w for AM and 5.4% w/w for
UT) and epicatechin (10.6% w/w for AM and 25.7% w/w for UT) as the major components in both
extracts. The analysis of how pure standards of these molecules affect AFB; production demonstrates
that catechin plays an essential role in the inhibition observed for both plant extracts, since the pure
standard inhibits 45% of AFB; synthesis at a concentration close to that of the extracts.

Keywords: Aflatoxin By; Annona muricata; Uncaria tomentosa; antioxidant activity; procyanidins
Key Contribution: This study demonstrates the role of condensed tannins, mainly catechin and

epicatechin, present in two different aqueous plant extracts, in the inhibition of AFB; in Aspergillus
flavus.

1. Introduction

Aflatoxin B; (AFB;) is a mycotoxin produced by several fungal species within the
section Flavi of the genus Aspergillus. Aspergillus flavus and A. parasiticus are the two
major aflatoxin-producing species and are consistently responsible for the contamination of
various types of foods worldwide. AFB; is the most dangerous mycotoxin and is classified
as a class 1 carcinogen for humans by the International Agency for Research on Cancer. It
is responsible for hepatocellular carcinoma in humans and has other toxic effects such as
growth suppression, immune system modulation, and malnutrition [1].

AFB; poses a major risk to public health, particularly in warm regions where environ-
mental conditions favor the growth of toxigenic fungi. Aflatoxigenic species can grow on
various foods such as cereals, groundnuts, and spices. Due to the physiological characteris-
tics of producing species and their xerophilic character, AFB; can enter at different steps of
the production chain: in the fields before harvest, during the peri-harvest period, before
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crops are sufficiently dried or later, during storage in the case of insufficient drying or
remoistening. Given the stability of AFB;, the most effective strategy to protect consumers
is to limit the toxin synthesis and the subsequent contamination of food.

Various strategies have now been established to limit or prevent fungal development
and subsequent AFB; synthesis in crops during pre-harvest, post-harvest, and storage
of foods. Some of these strategies typically include good agricultural practices, although
the key role of climate, which cannot be controlled, may strongly limit their efficacy. In
addition, fungicides are used mainly to avoid the growth of toxigenic fungi, but their
numerous harmful side effects and the increasing resistance of target organisms require
alternative strategies to prevent aflatoxin contamination of crops [2,3].

Ensuring food safety for consumers while developing sustainable production tools
with minimal environmental impact has triggered extensive studies of new eco-friendly
approaches based on natural products, such as plant-derived substances. Such products
could be used to limit contamination in the fields, during peri-harvest by coating grains,
and even during storage, although it would require specific formulations to guarantee the
homogenous distribution of the product in silos.

Various plant-derived molecules limit the synthesis of mycotoxins such as AFB; [4-9].
For example, polyphenols such as phenols, flavonoids, tannins, and terpenes are active
molecules that inhibit fungal development and AFB; production [10-12]. Additionally, cer-
tain active molecules with antioxidant potential may inhibit AFB; production by regulating
the oxidative stress around the fungus [13].

Current research suggests that condensed tannins, present in some plant extracts, may
significantly inhibit some mycotoxins. For example, a study on the condensed tannins of
Dalea purpurea reported that these compounds restrict the synthesis of deoxynivalenol and
ochratoxin A [14]. Similarly, another study on the aqueous extract of Mimosa tenuiflora
demonstrated that condensed tannins inhibit AFB; synthesis due to a down-regulation of
the internal regulators (afIR and aflS) of AFB; cluster genes [15].

The leaves of the Annona muricata (AM) tree are widely used in infusions to treat
diabetes, insomnia, cystitis, and rheumatic problems [16-18]. To date, a total of 212 bioactive
compounds have been reported in AM leaves, the predominant ones being acetogenins,
alkaloids, and polyphenols [19,20].

In the same way, Uncaria tomentosa (UT), a large woody vine native to the Amazon, has
antioxidant, antimicrobial, and anti-inflammatory properties and can also be used to treat
asthma, abscesses, and urinary tract infections [21-23]. More than 50 phytochemicals from
the plant have been identified and isolated, with condensed tannins being the most abun-
dant. Others include indole and oxindole alkaloids, quinic acid, and polyphenols [24,25].

Previous work demonstrated that AM and UT aqueous extracts are rich in condensed
tannins, which contribute to the high antioxidant potential of these plants [6]. Considering
the antiradical capacity of these plant extracts and the potential link between AFB; synthesis
and oxidative stress levels, the present study seeks to determine whether polyphenols,
and more precisely condensed tannins, present in the aqueous extracts of AM and UT are
responsible for the anti-AFB; activity. We thus used bio-guided fractionation of the extracts
followed by high-performance liquid chromatography (HPLC) and mass spectrometry
analysis of the fractions to identify the condensed tannins responsible for AFB; inhibition.
Additionally, we evaluated how the major condensed tannins present in extracts affect the
inhibition of AFB;.

2. Results and Discussion
2.1. Effect of AM and UT Aqueous Extracts on A. flavus Growth and AFB; Synthesis

The impacts of four increasing concentrations (from 0.04 to 0.30 mg of dry matter
per milliliter of culture medium) of aqueous extracts of AM leaves and UT bark on both
fungal growth and AFB; synthesis were evaluated after one week of incubation at 27 °C
and compared with a control culture grown on an extract-free culture medium. Figure 1
shows the results.

91



Toxins 2024, 16, 454

a a
ns a
120 — ’}S ns » 100
lnsx' ] a 4
a I\:l_ e
100 — _nf_ Z s t— % 98
* b *
c b b =
2 80 * ¥ . c 5
ke
S we S, 9% 3
- | S
o 60 i r
‘n-. e *hE a
b 94 b
2 40 2
: B
° 20 92
0 90
Control 0.04 0.08 0.15 0.3
mg of dry matter/mL of culture medium
C—JAFB1-UT mmmAFB1-AM  — —Fungal growth UT  —o—Fungal growth AM

Figure 1. Dose effect of increasing concentrations of UT (brown) and AM (blue) aqueous extract on A.
flavus NRRL 62,477 growth (lines) and AFB; production (bars). Results are presented as the percentage
of AFB; production or colony diameter relative to untreated control cultures + one standard deviation
(n =4). Control and treated cultures with statistically significant differences are indicated by * (ns = no
statistically significant change, * p value < 0.05, ** p value < 0.01, *** p value < 0.001). Significant
differences between two successive concentrations of the same sample are denoted by different letters
(p value < 0.05).

The aqueous extracts of AM and UT did not strongly affect the growth of A. flavus.
A slight reduction in growth occurred for concentrations of 0.15 and 0.3 mg dry matter
per milliliter (DM/mL) for AM and 0.3 mg DM/mL for UT. At the highest extract con-
centrations, the maximal inhibition of growth was only 3% and 2.5% for AM and UT,
respectively.

Both AM and UT aqueous extracts led to a very similar dose-dependent inhibition of
AFB; synthesis, with half-maximal inhibitory concentrations on AFB; synthesis (IC504rp1)
of 0.25 and 0.28 mg DM/mL, respectively. The maximal observed inhibitions were 53% for
AM and 51% for UT, with both occurring at 0.3 mg DM/mL culture medium.

AM aqueous extract reduced AFB; production more than reported for other plants of
the same family (Annonaceae). For example, Polyalthea longifolia and Artabotrys odoratissimus
have IC504rp1 values of 0.9 and 0.5 mg DM/mL, respectively [26,27]. The results for UT
were in the same range as those obtained in previous studies on bark extracts of other
plants. For example, Sapindus mucorossi and Mimosa tenuiflora have an IC504rp1 of 0.4 and
0.15 mg DM/mL, respectively [15,26].

2.2. Characterization and Fractionation of AM and UT Extracts
2.2.1. Composition of Extracts and Fractions

A bio-guided fractionation of AM and UT extracts was performed to better character-
ize the role of polyphenols and, more particularly, condensed tannins in AFB; inhibition.
The fractionation proceeded by separating the components using macroporous absorp-
tion resin (amberlite FPX66), leading to fraction F1 (aqueous fraction) and fraction F2
(ethanolic fraction). Next, F2 was further fractionated into a tannin-free fraction F2.1 using
polyvinylpolypyrrolidone (PVPP) precipitation. The initial extracts and their fractions
and sub-fractions were analyzed to determine their polyphenol content, condensed tannin
concentration, and antioxidant activity. Table 1 summarizes the results.
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Table 1. Characterization of AM and UT aqueous extract, aqueous (F1) and ethanolic (F2) fractions
after separation on macroporous resin, and subfraction 2.1 (tannin-free fraction) obtained by PVPP

precipitation.
Polyphenols Antioxidant Condensed
Fraction Dry (M)atter Content Activity IC50pppH Tannins
8 (mg GAE/g DM) * (mg/L) ** (mg/g DM)
AM 3.91+0.012 188 + 92 354 137 £ 22
F1 1.70 + 0.02 P 56+ 5P 310b Nd
F2 1.83 £ 0.04° 320410 20b 220+ 4b
F2.1 021 40.01" 10+1P 460 24+1°b
ur 5.31 £ 0.03 2 226 +34 152 219 +54
F1 1.92 +£0.01° 18+ 2P 3630 Nd
2 224 +0.01b 530+ 7P gb 502 + 6P
F2.1 0.18 £0.03P 6+1P >500 P 3+1P

* DM: dry matter; GAE: gallic acid equivalent; ** Concentration of extract or fraction reducing 50% of DPPH
(2,2-Diphenyl-1-picrylhydrazyl), Nd: not detected. For each parameter, significant differences between the initial
plant extract and its fractions are indicated by different letters (p value < 0.05).

The aqueous extract of AM had a polyphenol content of 188 mg GAE/g DM and an
antioxidant activity equivalent to an IC50pppy of 35 mg/L. To compare, Trolox and quercetin,
two strong antioxidant molecules often used as standards, have IC50pppy = 3.5 mg/L [28]
and 8.1 mg/L [29], respectively, confirming that AM has a significant antioxidant activity.
Both polyphenol content and antioxidant activity exceeded those previously reported for
different AM leaf extracts, whether they were aqueous (polyphenol content = 155 mg GAE/g
and IC50pppy = 81 mg/L) [30] or methanolic (IC50pppyy of 63 mg/L) [31]. Antioxidant
activity also exceeded that reported for plants belonging to the same family, such as A.
diversifolia (1C50pppy = 98 mg/L), A. purpurea (IC50pppy = 151 mg/L), and A. reticulata
(ICSODPPH =126 mg/L) [32].

UT extract exhibited considerably greater antioxidant activity (IC50pppy = 15 mg/L)
than AM, which could be linked to UT’s greater polyphenolic compound content
(226 mg GAE/g DM) and, more specifically, condensed tannins (219 mg/g DM). Note that
the extract was prepared from UT bark, which is rich in proanthocyanidins (condensed
tannins), as demonstrated by Gongalves et al. [33]. In that work, chromatographic analysis
(HPLC-diode array detection and thin-layer chromatography) revealed that the main con-
stituents of a Uncaria tomentosa bark decoction were proanthocyanidins and phenolic acids.
In addition, the authors demonstrated that proanthocyanidins correlate directly with the
high antioxidant activity of the aqueous extract.

The fractions of AM and UT showed similar trends. As expected, F1 (aqueous fraction)
had a low polyphenol content (56 mg GAE/g DM for AM and 18 mg GAE/g DM for UT),
which explains the low antioxidant capacity of this fraction (IC50pppy = 310 mg/L for
AM and IC50pppy = 363 mg/L for UT). In contrast, F2 (ethanolic fraction) concentrated
the polyphenols: 320 mg GAE/g DM for AM and 530 mg GAE/g DM for UT. Condensed
tannins represented a significant fraction of these polyphenols (220 mg/g for AM and
502 mg/g for UT), as highlighted by the low residual polyphenol content after tannin
precipitation with PVPP. Fraction F2 of both plants also displayed high antioxidant activities
(IC50pppy of 20 and 8 mg/L for AM and UT, respectively).

These results are consistent with each other because the fractionation used solvents of
different polarities to separate the compounds of interest in the extract. Fraction F1 used
only water as an elution solvent, which favored the isolation of sugars and proteins. In
contrast, fraction F2 was obtained using ethanol, which favored the elution of polyphenols
from the column. These results are consistent with previous studies, demonstrating the
high concentration of polyphenols in the ethanolic extracts of different plants [34,35]. The
correlation of the polyphenol content of the plant extract with the antioxidant activity of
the extract has also been shown [36,37], as in our study.
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Previous reports state that condensed tannins such as procyanidin trimer C1 and
dimer B1 participate strongly in the antioxidant activity of the AM extract [38]. Similarly,
in UT, condensed tannins such as procyanidins are the most abundant polyphenols in
the plant and are responsible for its high antioxidant activity [39]. Since both AM and
UT tannin-free subfractions (F2.1) completely lost their antioxidant capacity, our results
confirm the central role of condensed tannins in both AM and UT antioxidant activity.

2.2.2. Impact of AM and UT Fractions on AFB; Production

A well-established link exists between oxidative stress and AFB; synthesis. An in-
crease in oxidative stress increases AFB; synthesis, whereas a decrease, obtained by the
presence of antioxidant compounds, decreases AFB; production [13]. Different polyphenols
with potent antioxidant capacity were reported to subsequently hinder AFB; synthesis [40—-
42]. Therefore, the AFB; inhibition observed with AM and UT extracts may be attributed to
their high polyphenol content and the resulting significant antioxidant activity. To corrobo-
rate this claim, we tested on A. flavus the AFB;-inhibiting potential of the different fractions
by using various concentrations in polyphenols, condensed tannins, and antioxidative
potential. Figure 2 presents the results.

The AM and UT fractions produced similar trends in AFB; inhibition.

Compared with the initial extracts, fractions F1 lost most of their ability to inhibit
AFB; in A. flavus. At the highest concentration tested (0.3 mg DM/mL), AM and UT
aqueous fractions 1 inhibited only 11% and 20% of AFB; synthesis, respectively. However,
a slight bioactivity remained for both plants, which could be explained by the residual
content of polyphenols found in these fractions (see Table 1). In addition, at the lowest
concentrations tested (0.04 mg DM/mL), the F1 fractions of both plants induced a slight
increase in AFB; synthesis, possibly due to the presence of molecules such as sugars,
which may supply nutritional support for the growth of A. flavus and, therefore, indirectly
promote the synthesis of AFB;.

The ethanolic fractions F2 of both AM and UT produced a dose-dependent effect on
AFB; inhibition. The F2 fractions of both AM and UT inhibited approximately 65% of
AFB; synthesis at 0.3 mg DM/mL, the highest concentration tested. Since the F2 fractions
were rich in polyphenolic compounds (32% w/w for AM and 53% w/w for UT), these
results indicate that polyphenols may be what allows AM and UT extracts to inhibit AFB;
synthesis.

Removing the condensed tannins by precipitation (producing fraction F2.1) signifi-
cantly reduced the efficacy of the extract, with a residual maximum AFB, inhibition of 22%
for AM and only 9% for UT. This result demonstrates that condensed tannins play a pivotal
role in AFB; inhibition for both plants.

Further studies are needed to elucidate the precise mechanisms by which condensed
tannins influence AFB; production. Current theories mainly propose that their antioxidant
activity could be due to direct interference with the regulation of genes involved in aflatoxin
biosynthesis. In fact, numerous studies have demonstrated a direct correlation between
oxidative stress and the regulation of AFB; synthesis [12,13,15]. Some researchers even
proposed that, in A. flavus, aflatoxin synthesis could be part of the response to oxidative
stress [43]. For example, previous work showed that extracts from the bark of Mimosa
tenuiflora and Pine Bark, which are rich in condensed tannins, inhibit AFB; synthesis by
down-regulating the key regulatory genes afIR and aflS [15]. In addition, the extracts
also interfere with the expression of various genes involved in the fungal stress response
and antioxidant defense system (e.g., catA, sod1l, mtfA, atfA, and msnA), suggesting a
connection between the two processes.

Other studies suggested that extracts containing flavonoids could directly degrade
AFB,, most likely by targeting the furan double bond and the lactone ring of AFB;, which
are responsible for its toxic and carcinogenic properties. However, the reaction mechanisms
were not fully elucidated and could involve additive or synergistic mechanisms with
enzymes [12,44,45].
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Figure 2. Comparison of the effect of increasing concentrations of AM (A) and UT (B) aqueous
extracts and their fractions on AFB; synthesis in A. flavus NRRL 62,477. Results are expressed as
the percentage of AFB; production relative to untreated control cultures £ one standard deviation
(n = 4). Statistically significant differences from the control are indicated with * for the different
concentrations of each treatment (s = no statistically significant change between two concentrations,
* p value < 0.05, ** p value < 0.01, *** p value < 0.001). Significant differences between two successive
concentrations of the same extract and fraction are denoted by different letters (p value < 0.05).

2.2.3. Identification of the Primary Condensed Tannins in the Ethanolic Fractions of AM
and UT

Research has yet to identify which type(s) of condensed tannins is (are) responsible for
the anti-AFB; property. Thus, we further characterized the tannins present in our extracts.

Since condensed tannins are complex polymers, their characterization required de-
polymerization. Therefore, condensed tannins from fractions F2 of both plants were
depolymerized for 120 min in a methanolic solution of hydrochloric acid and menthofuran.
Next, the samples were analyzed using ultrahigh-performance liquid chromatography
(UHPLC) with ultraviolet (UV) diode-array detection (DAD) coupled with mass spectrom-
etry (MS). Figure 3 shows the UV chromatogram of the F2 fractions at 280 nm before and
after depolymerization.
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Figure 3. Chromatograms at 280 nm of condensed tannins present in fraction 2 of (A,B) AM and (C,D)
UT, (A,C) before and (B,D) after depolymerization (1 g/L; 120 min reaction). Peak identification: 1,
Catechin (290.9 m/z); 2, Epicatechin (290.9 m/z); 3, Catechin-menthofuran (439.1 m/z); 4, Epicatechin-
menthofuran (439.1 m/z).

Table 2 details the nature of condensed tannins (% w/w) in AM and UT F2 fractions.
The results show that, in the AM F2 fraction, the total procyanidin content represented
15.9% (w/w) of the extract and consisted of 5.3% of catechin and 10.6% of epicatechin. In
contrast, UT had twice the content: 31.1% (w/w) total procyanidin content from the extract,
with 5.4% catechin and 25.7% epicatechin.
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Table 2. Primary condensed tannins present in F2 fractions of AM and UT.

Composition in Condensed Tannins of the Tested Fractions (%w/w)

Peak Number 1 2 3 4
. . . . . . Total
Detected Catechin Epicatechin Catechin-Mf * Epicatechin-Mf * .
. . . . . - . - procyanidin
compound (terminal units) (terminal units) (extension units) (extension units) content
Tested fractions
AM-F2 28+0.1 1.7 +£0.1 25+0.1 89+0.1 15.9
UT-F2 1.14+0.1 93+0.1 43+0.1 164 +0.2 31.1

* Mf: menthofuran.

The difference in the percentage of condensed tannins between AM and UT fractions
is primarily attributed to the part of the plant used to prepare each extract. Whereas UT
extract was prepared from bark, AM extract was prepared from leaves. Recall that bark
is particularly rich in condensed tannins, more so than other plant parts. This fact was
illustrated by Killedar and More in a study that quantified and characterized condensed
tannins from different parts of Memecylon umbellatum. They demonstrated that bark contains
the highest concentration of condensed tannins (24.1% w/w), followed by leaves (17.6%
w/w) [46].

The nature of the condensed tannins identified from AM and UT is consistent with
the composition of similar extracts reported in the literature. Besides catechin and epi-
catechin, procyanidins B2, B4, and C1 have been identified as the primary condensed
tannins in ethanolic extracts of UT bark [47]. Propelargonidins reported in UT extracts [39]
were also detected in our fractions [m/z = 423.1, tentatively identified as (epi)afzelechin-
menthofuran]. However, they were not quantified because of their negligible contribution
to the UV chromatogram compared with procyanidins. Furthermore, a study on an ethano-
lic fraction of AM reported (+)-catechin, gallocatechin, procyanidin dimer B1, and procyani-
din trimer C1 as the main flavonoids [48,49]. All these compounds except gallocatechin
were detected in our fractions, but at different concentrations, which can be explained by
differences in species, age, and the part of the plant collected and its geographical origin.
Additionally, considering that condensed tannins are synthesized by a defense mechanism
against environmental stress, their production is closely related to the external conditions
and cultivation in which the plants grow [50,51].

2.2.4. Effect of Catechin and Epicatechin on AFB; Synthesis

Catechin and epicatechin were identified as the primary condensed tannins in UT and
AM extracts. When AM aqueous extract was cultured with A. flavus at the highest concen-
tration (0.3 mg DM/mL of culture medium), 16.2 ng of catechin and 32.1 pg of epicatechin
per milliliter of culture medium were quantified, achieving an AFB; inhibition of 53%.
While using UT extract, a concentration of 15.9 ug of catechin and 77.1 ug of epicatechin
per milliliter of culture medium resulted in a 51% AFB; inhibition. Therefore, to determine
how these compounds affect the inhibition of AFB;, we analyzed how AFB; synthesis is
affected by increasing concentrations of pure catechin and epicatechin. Specifically, we
used 5, 10, and 15 pg/mL of culture medium for catechin and 6.25, 12.5, and 25 ug/mL
of culture medium for epicatechin. After a seven-day incubation at 27 °C, the highest
concentration of catechin (epicatechin) inhibited AFB; synthesis by 45% (36%) (see Table 3).
These results suggest that these two compounds play a significant role in inhibiting the
synthesis of AFB;.
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Table 3. Effect of increasing concentrations of catechin and epicatechin standards on AFB; inhibition.

Concentration of the Standard

ey % (0
Standard (ug/mL of Culture Medium) Inhibition of AFB{ * (%)
5.00 281
Catechin 10.00 37 +2
15.00 45+1
6.25 19+1
Epicatechin 12.50 27 +£2
25.00 36 +2

* Results are expressed as the percent of AFB; inhibition with respect to untreated control cultures.

Currently, limited data are available to identify the molecules directly implicated in
the inhibition of mycotoxin synthesis. Norton et al. studied how certain anthocyanidins
and related flavonoids affected AFB; inhibition and showed that, at a concentration of
83 ug of catechin per milliliter culture medium, these anthocyanidins and flavonoids
generated 30% AFB; inhibition [52]. Similarly, a microdilution study by Zhou et al. [53] of
how a tea-derived polyphenol mixture affected AFB; synthesis showed that catechin at a
concentration of 500 pg/mL of solvent generates 50% AFB; inhibition. Zhou et al. [53] also
suggested that using a mixture of polyphenols, including epicatechin, epigallocatechin,
and/or gallocatechin, could enhance the inhibition of AFB;.

The present results indicate that catechin and epicatechin both inhibit AFB;. However,
considering the effects of these two compounds when used alone, one would naively
expect a total AFB; inhibition of over 80% when the two compounds are used together.
This expectation significantly exceeds the inhibition obtained when using both AM and
UT aqueous extracts. This lower efficacy may be attributed to the fact that, in the plant
extracts, these two compounds are present as polymers, whereas the standards were tested
as monomers. Therefore, the effectiveness of the plant extracts may be strengthened by their
depolymerization. Such a drop in efficacy could also result from an inhibition—saturation
phenomenon for AFB; if both compounds target the same reaction pathway. Further studies
are thus required to determine the exact reaction mechanism by which these molecules
impact AFB; synthesis.

The results also indicate that catechin may affect other mycotoxins besides AFB;. In
fact, a chemical characterization of a methanolic extract of Aloe vera gel with high anti-
ochratoxin A potential suggested that catechin is a primary contributor to this inhibitory
process [54].

Combining these results allows us to propose catechin and epicatechin as compounds
with promising anti-AFB; activity (and, more generally, antimycotoxin activity). However,
more detailed studies are needed on the reaction mechanism(s) and on possible interactions
between catechin and epicatechin.

3. Conclusions

The present results demonstrate that aqueous extracts of AM and UT inhibit AFB; syn-
thesis without affecting the growth of A. flavus. The bio-guided fractionation demonstrates
the importance of polyphenols, especially condensed tannins, in inhibiting AFB; synthesis.
Although AM and UT are unrelated plants, the results show that catechin and epicatechin
are the primary condensed tannins present in aqueous extracts from each plant. The results
show that these compounds play an essential role in AFB; inhibition, opening the door to
the valorization of certain agricultural by-products rich in condensed tannins. These by-
products could be used during or after harvest to protect crops from AFB; contamination.
The formulation of such a product is a key point to ensure the correct distribution of the
active compounds throughout the grains. Finally, more research is required to determine
the precise reaction mechanism(s) of these compounds and to verify that the inhibitory
effect is reproduced in other A. flavus strains and other aflatoxigenic species.
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4. Materials and Methods
4.1. Chemicals and Reagents

All analytical solvents and chemicals were purchased from Sigma-Aldrich (St Quentin-
Fallavier, France). (+)— epicatechin and (—)— catechin were purchased from Extrasynthese
(Genay, France). Menthofuran (3,6-dimethyl-4,5,6,7-tetrahydro-1-benzofuran, >95%) was
purchased from Thermo-Fisher (Strasbourg, France). Ethanol (96%) and sodium carbonate
were purchased from VWR International (Fontenay sous Bois, France).

4.2. Plant Material

Dried Annona muricata leaves and Uncaria tomentosa bark were purchased from a local
market in Lima, Peru. The samples were ground using a mill with a 2 mm grid and stored
until needed at 4 °C in plastic bags.

4.3. Preparation of Aqueous Extracts

The aqueous extraction was performed by maceration in a 5 L reactor. Ninety grams
of ground material from each plant was combined with 3 L of ultrapure water and stirred
for 15 h at room temperature. The mixture was then centrifuged for 15 min at 15,000 rpm
(Sigma 6-16 K Centrifuge, Osterode AM Harz, Germany) and filtered under vacuum in a
Whatman No. 1 paper (Cytiva). The extracts were subsequently sterilized at 121 °C for
20 min and stored at 4 °C until required.

4.4. Fractionation of Extracts

The fractionation method was adapted from Hernandez et al. [15] and involved
macroporous adsorption resin amberlite FPX66 (Rohm and Haas, Philadelphia, PA, USA).
First, 80 g of resin was preconditioned with 250 mL of ultrapure water (UHQ) stirred by a
magnetic stirrer for 10 h. Subsequently, the solution was packed into a cylindrical glass
column (inner diameter x length = 3 cm x 30 cm) fitted with a fritted disk. Three hundred
mL of each extract was deposited into the column containing the resin. A first elution
with 600 mL of ultrapure water (UHQ) was performed to remove sugars and proteins
(fraction 1), followed by desorption using 375 mL of 96% ethanol to elute the compounds
contained in the resin (fraction 2). The entire fractionation was conducted three times, and
the fractions obtained with each solvent were pooled.

4.5. PVPP Fractionation

The condensed tannins in the ethanolic fraction (fraction 2) were precipitated using
the nonprotein polymer polyvinylpolypyrrolidone (PVPP) to obtain a tannin-free fraction.
Briefly, 5 mL of fraction 2 from each extract was combined with 5 mL of distilled water
and 500 mg of PVPP. The samples were vortexed for 30 s, then stored at 4 °C for 15 min,
and then centrifuged at 4000 rpm (3000 g) for 10 min. The supernatant was collected for
subsequent analysis (fraction 2.1).

4.6. Characterization of Extracts and Fractions
4.6.1. Dry Matter Content

The DM content was determined by weighing 20 mL of each sample before and after
drying in a Memmert oven (Schwabach, Germany) at 100 °C for 24 h. This procedure was
performed in triplicate.

4.6.2. Dosage of Total Phenolic Content

The total phenolic content was assessed using the Folin-Ciocalteu method from
Singleton and Rossi in a 96-well microplate [55]. The results are expressed in mg of gallic
acid equivalent (GAE) per gram of dry extract.
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4.6.3. Condensed Tannin Content

The condensed tannin content of each sample was quantified by using the Water-
man and Mole method [56]. The following equation was used to calculate the tannin
concentration:

Tannin concentration (mg/g) = [0.3866 x (sample absorbance — control absorbance) x dilution factor]/(dry matter)

All tests were performed three times, and the results are expressed in milligrams of
condensed tannins per gram of dry matter (DM) & one standard deviation.

4.6.4. Dosage of Free Radical Scavenging Activity

The antioxidant activity was assessed using the DPPH (2,2-diphenyl-1-picrylhydrazyl)
method from Brand-Williams et al. [57]. The radical-scavenging activity was reported as
the half-maximal inhibitory concentration (IC50), which corresponds to the concentration
of the extract (in mg/L) required to reduce 50% of the DPPH radicals. IC50 was calculated
as follows:

a
IC50 = 0.5 — —
C50 =05~

The results are expressed in milligrams of extract per liter (mg/L).

4.7. Characterization of Condensed Tannins in the Ethanolic Fraction of AM and UT Extracts
4.7.1. Depolymerization of Condensed Tannins from Fraction 2

In a vial, 500 puL of methanolic solutions of AM and UT (2 g/L) previously prepared
from a dried fraction 2 of both samples was mixed with 50 uL of menthofuran (13.8 mM)
and 450 pL of HCI (0.1 M). The vials were sealed and incubated at 30 °C. After 120 min
of reaction, the vials were immediately analyzed by UHPLC-DAD-MS (Thermo Scientific,
Waltham, MA, USA). Each test was performed in triplicate per sample.

4.7.2. UHPLC-DAD-MS Analyses

The liquid chromatography system included an Ultimate 3000 ultrahigh-performance
liquid chromatography (UHPLC) instrument equipped with a photodiode array detector
(Thermo Fisher Scientific, Waltham, MA, USA). The column consisted of a Kinetex 2.6 pm
EVO C18100 A, 150 mm x 4.6 mm (Phenomenex, Torrance, CA, USA) maintained at 40 °C.
The flow rate was 1.40 mL/min and the gradient conditions were as follows: solvent A
(H,O-HCOOH, 999:1, v/v), solvent B (CH3CN-HCOOH, 999:1, v/v); 0-7 min, 1% to 60% B
(linear gradient); 7-10 min, 60% to 99% B (linear); 10-11 min, 99% B (isocratic); 11-12 min,
99% to 1% B (linear); 12-13 min, 1% B (isocratic). The Ultimate 3000 UHPLC system
was coupled online with an amaZon SL Ion-Trap mass spectrometer (Bruker Daltonics,
Billerica, MA, USA), operating in positive-ion mode with electrospray ionization. In the
source, the nebulizer pressure was set to 44 psi, the dry gas temperature was maintained
at 200 °C with a flow rate of 10 L/min, and the capillary voltage was adjusted to 4.5 kV.
Mass spectra were acquired in UltraScan mode over an m/z range of 100-1600 with a mass
spectrum-acquisition speed of 8100 (m/z)s~ 1.

4.7.3. Identification of Peaks and Quantification of Products

Peaks 1 and 2 from the UV chromatograms (280 nm) were attributed to (+)-catechin
and (—)-epicatechin, respectively, by comparing their associated mass spectra and retention
times with those obtained from pure standards. The products resulting from the trapping of
extension units by menthofuran (i.e., (epi)catechin-(4 — 5)-menthofuran) are not commer-
cially available. Peak 3 was attributed to catechin-(4 — 5)-menthofuran by comparing its
associated mass spectrum and retention time with that obtained by depolymerizing a com-
mercial standard of procyanidin B3 with menthofuran (this reaction yields only catechin
and the targeted catechin-(4 — 5)-menthofuran). Peak 4 was attributed to epicatechin-(4
— 5)-menthofuran by using the same method applied to procyanidin B2. In a previous

100



Toxins 2024, 16, 454

study, the procyanidin depolymerization products obtained using menthofuran were also
characterized by NMR [58].

The molar responses of catechin and epicatechin at 280 nm were determined and found
to be equal through calibration with their respective commercial standards. This molar
response at 280 nm was applied to quantify the corresponding extension units because
(epi)catechin-menthofuran has the same molar response at 280 nm as (epi)catechin [58].

4.8. Effect of U. tomentosa and A. muricata Extracts and Fractions on Aspergillus flavus Growth
and Aflatoxin B1 Synthesis

4.8.1. Fungal Strain and Culture Conditions

Aspergillus flavus NRRL 62,477 strain was used for all analyses. First, a spore suspen-
sion in 0.05% Tween 80 was prepared from a seven-day-old culture maintained at 27 °C
in malt extract agar (Biokar Diagnostics, Allone, France). The concentration of the spore
suspension was adjusted to 10° spores/mL. Petri dishes were then prepared by adding
18 mL of malt extract agar medium and 2 mL of the extract or fraction at four concentrations
(0.04, 0.08, 0.15, and 0.3 mg DM per milliliter culture medium) diluted in water. Control
cultures were prepared by adding 2 mL of distilled water to the culture medium. Finally,
10 pL of the spore suspension was inoculated centrally onto each Petri dish and incubated
for 7 days at 27 °C in the dark. After incubation, the colony diameter was measured to
assess the fungal growth. Each measurement was performed in triplicate.

For catechin and epicatechin assays, the standards were dissolved in methanol to
obtain an initial concentration of 1 mg/mL. Different concentrations were then prepared
by dilution in distilled water: 300, 200, and 100 ng/mL for catechin, and 500, 250, and
125 pg/mL for epicatechin. Next, 2 mL of the standard solutions was added to 18 mL of
malt extract agar; control cultures were prepared by adding 2 mL of a mixture of distilled
water and methanol (3:1, v:0).

All cultures were incubated 7 days at 27 °C before analysis of AFB; production.

4.8.2. Aflatoxin Extraction and HPLC Quantification

AFB; extraction and quantification was performed as described by El Khoury et al. [5].
Aflatoxin B1 was quantified by using an Ultimate 3000 UHPLC system (Thermo Fisher
Scientific) with an EvoC18 column (3 pm, 150 mm x 3.2 mm, Phenomenex) at 27 °C.
AFB; was detected with a fluorescence detector at 365 nm excitation and 430 nm emission.
Additionally, to confirm the nature of the molecules, the UV spectra were analyzed using a
DAD integrated into the system.

We calculated the half-maximal inhibitory concentration to inhibit AFB; (IC504rp1),
which corresponds to the concentration of extract (in mg/L) required to reduce AFB;
synthesis by 50%. The equation shown in Section 4.6.4 was used for the calculation.

4.9. Statistics

The differences between control and treated samples were analyzed using the Stu-
dent’s t-test. Statistical significance was defined as p values less than 0.05. All errors were
reported as the standard deviation of the mean. Data analyses were carried out using R
studio software (version 1.4.1717).
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Abstract: Ochratoxin A (OTA) is a mycotoxin commonly found in various food products, which
poses potential health risks to humans and animals. Recently, more attention has been directed
towards its potential neurodegenerative effects. However, there are currently no fully validated
HPLC analytical methods established for its quantification in mice, the primary animal model in
this field, that include pivotal tissues in this area of research, such as the intestine and brain. To
address this gap, we developed and validated a highly sensitive, rapid, and simple method using
HPLC-FLD for OTA determination in mice tissues (kidney, liver, brain, and intestine) as well as
plasma samples. The method was rigorously validated for selectivity, linearity, accuracy, precision,
recovery, dilution integrity, carry-over effect, stability, and robustness, meeting the validation criteria
outlined by FDA and EMA guidelines. Furthermore, the described method enables the quantification
of OTA in each individual sample using minimal tissue mass while maintaining excellent recovery
values. The applicability of the method was demonstrated in a repeated low-dose OTA study in
Balb/c mice, which, together with the inclusion of relevant and less common tissues in the validation
process, underscore its suitability for neurodegeneration-related research.

Keywords: ochratoxin A; HPLC-FLD; tissues; brain; plasma; mouse

Key Contribution: Data on the validation of a highly sensitive and rapid HPLC-FLD method for
quantifying Ochratoxin A (OTA) in mice tissues and plasma are presented. The described method
adheres to FDA and EMA guidelines, enabling accurate OTA quantification in individual samples of
crucial tissues in neurodegeneration-related research including brain and intestine.

1. Introduction

Ochratoxin A (OTA) is a mycotoxin produced naturally as a secondary metabolite by
some species of Aspergillus and Penicillium fungi that can contaminate a great variety of
foods, such as cereals, beans, coffee nuts or species [1]. It is a thermostable compound that
is not destroyed by common food preparation procedures and therefore enters the food
chain via both raw and processed products [1]. In this regard, several human biomonitoring
studies have demonstrated human exposure to this mycotoxin [2].

OTA is a potent renal carcinogen in rodents, which has been proven to cause renal
tumors in rats and mice, with male rats being the most sensitive [1,3-5]. Considering this,
but without having enough evidence in humans, the International Agency for Research
on Cancer (IARC) classified it in 1993 as a possible human carcinogen (group 2B) [6], and
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maximum levels based on this effect have been established in several food commodities to
reduce health risks in Europe [1]. However, even though its target organ is the kidney, OTA
has also been described as immunotoxic, hepatotoxic, teratogenic, and neurotoxic [7-12].

In recent years, research has examined the impact of both acute and chronic exposure
to OTA on the nervous system, revealing neurotoxicity as a sensitive endpoint for this
mycotoxin [13,14]. In vivo, OTA has been proven to alter the proliferation and differenti-
ation of cells in the hippocampus [15] and in the subventricular zone of adult mice [14].
Moreover, investigations have revealed the possibility of OTA causing parkinsonism in
mice, demonstrating that the nigrostriatal pathway might be affected by OTA [7,16-18].
The relevance of these findings underlines the importance of carrying out studies involving
OTA administration in mouse models, given that mice currently stand as the most widely
used experimental model in neurodegenerative disease research. In order to further delve
into this matter, it is crucial to develop methodologies able to determine OTA in biological
samples of mice. In addition, in the context of neurodegenerative diseases, and more specif-
ically Parkinson’s disease (PD), it is crucial to quantify OTA not only in plasma, kidney,
and liver, which are the most common organs reported in the literature when studying
OTA, but also in brain and intestine tissue. The relevance of intestine tissue stems from
Braak’s hypothesis, which proposes that PD might initiate at the enteric nervous system
and spread to the lower brainstem via the vagal nerve [19].

There are methods reported in the literature to measure OTA in biological samples,
but they have either been developed for other species, use large sample volumes, do not
include certain relevant tissues, or lack validation data. Indeed, considering that rats are the
most sensitive to the toxin, most of the methods developed to quantify OTA for toxicology
studies use rat biological samples [20], and adapting them for their use with mice presents
unique challenges. An analytical method for OTA quantification in mouse samples requires
the possibility of using smaller quantities of samples, approximately 10 times lower than
that of a rat, due to their smaller size. Additionally, studies regarding neurodegeneration
often include behavioral assessments, necessitating individual quantification of mycotoxin
levels in each mouse to maintain traceability. Related to this, a higher number of animals are
commonly used in these studies to be able to reach conclusions from behavioral studies, so
achieving rapid OTA quantification is also essential to process the high number of samples
efficiently. Furthermore, specific validation of the method for each species is strongly
recommended by the reference Guidelines, both from the Food and Drug Administration
(FDA) [21] and the European Medicines Agency (EMA) [22], to ensure the reliability of the
data generated.

In this study, we validated a high-performance liquid chromatography—fluorescence
detection (HPLC-FLD) analytical procedure suitable for the quantitative analysis of OTA
in plasma, brain, kidney, liver, and intestine tissue in individual mice, making it possible
to acknowledge interindividual variability. Guidelines from both the FDA [21] and the
EMA [22] were consulted to ensure comprehensive validation of the method. Moreover,
its effectiveness has been demonstrated via its successful application to the analysis of
samples obtained after a 28-day OTA repeated intraperitoneal dose study in mice.

2. Results
2.1. Method Validation
2.1.1. Selectivity

The method was selective in all the matrices. The chromatograms of blank samples
revealed no interfering signals at the retention time of OTA (6.7 min), and the retention
time of OTA matches in both fortified plasma or tissues and real samples, as can be seen in
Figure 1.
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Figure 1. Chromatograms of blank samples of plasma (a), brain (b), kidney (c), intestine tissue (d),
and liver (e) spiked with OTA. Green line = blank samples spiked with OTA as in the recovery study
(2.35 ng/mL in plasma and 9.4 ng/g in brain, kidney, intestine tissue, and liver); red line = blank
samples spiked with OTA as in the recovery study (22.83 ng/mL in plasma and 91.32 ng/g in brain,
kidney, intestine tissue and liver); blue line = blank samples spiked with OTA as in the recovery study
(228.33 ng/mL in plasma and 913.32 ng/g in brain, kidney, intestine tissue and liver).

2.1.2. Linearity

The calibration curves made on three different days for each one of the two concentra-
tion ranges (2.35-22.83 ng/mL and 22.83-228.33 ng/mL) showed a good linear relationship
between peak areas and OTA concentrations. All the requirements for linearity have been
met in all the cases (see Table S1 in the Supplementary Materials). Since the triplicated
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calibration curves for each range did not differ significantly, a global calibration curve
for the 2.35-22.83 ng/mL range and another one for the 22.83-228.33 ng/mL range were
made with the average of the triplicates. The results of the linearity study on the global
calibration curves are presented in Table 1. The LLOQ for OTA was determined as the
lowest calibration standard (2.35 ng/mL) as it showed acceptable accuracy and precision.
Therefore, considering the dilution factors, the respective values of LLOQ in the different
matrices are 2.35 ng/mL in plasma and 9.4 ng/g in brain, kidney, intestine tissue, and liver.

Table 1. Global calibration curves obtained in the linearity study in the following ranges:
2.35-22.83 ng/mL and 22.83-228.33 ng/mL. Eighteen data points were used for each calibra-

tion range.
Range 2.35-22.83 ng/mL Range 22.83-228.33 ng/mL
Curve equation ? y =9.19x + 0.533 y =8.50x + 15.33
12 0.997 0.999
Slope limits (p = 95%) 8.55;9.83 8.19; 8.81
Intercept limits (p = 95%) —6.96; 8.03 —20.61; 51.27
CV P of response factors (%) 3.72 3.47
Back-calculated RE € (%) <55 <5.2

2 y: peak area, x: concentration of OTA (ng/mL for plasma or ng/g for tissues).” Coefficient of variation.
¢ Relative error.

2.1.3. Precision and Accuracy

Precision and accuracy of linearity showed adequate values according to FDA and
EMA guidelines (Table 2). Raw data are available in the Supplementary Materials (Table S2).

Table 2. Results of the precision and accuracy study. The precision within days was studied by
analyzing some calibrators (2.35, 22.83, 228.33 ng/mL) in triplicate each day. The precision between
days was assured by analyzing calibrators of these levels in three different days.

Within-Day Variability (n = 3) Between-Day Variability (n =9)
Chominal (ng/mL) Ceasured (ng/mL) CV?2 AP Cmeasured (ng/mL) CV? AP
Range 2.35-22.83 ng/mL ¢4

2.35 2.21 408 209 229 355 255
22.83 21.77 209 464 2163 495 525
Range 22.83-228.33 ng/mL *

22.83 2243 213 177 2228 495 242
228.33 235.82 049 328 22625 499 091

2 Coefficient of variation (%). ® Accuracy (RE%). ¢ Equivalent range in plasma: 2.35-22.83 ng/mL (no dilution
factor). d Equivalent range in kidney, liver, brain, and intestine tissue: 9.4-91.32 ng/g (dilution factor: 4).
¢ Equivalent range in plasma: 342.45-3424.95 ng/mL (dilution factor: 15). f Equivalent range in kidney, liver,
brain, and intestine tissue: 91.32-913.32 ng/g (dilution factor: 4).

2.1.4. Recovery

The recovery values obtained for each matrix are summarized in Table 3. More data are
provided in the Supplementary Materials (Table S3). Recovery was very efficient in all the
matrices (74.8% for plasma, 79.7% for brain, 87.6% for kidney, 80.2% for intestine tissue and
76.2% for liver). Furthermore, the %CVs obtained in within- and between-day experiments
were below 12% in each case, thus demonstrating the precision of the methodology.
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Table 3. Results of the recovery study. The repeatability of the process was studied by carrying out
the complete recovery experiment for each matrix on 1 day (within days) and on 3 different days
(between days).

Global Recovery (%) CV 2 (%)
Within-day 752 (n=9) 6.8(n=9)
Plasma Between day 748 (n = 27) 7.5 (n = 27)

. Within-day 769 (n=9) 128 (n=9)
Brain Between day 79.7 (n = 27) 11.2 (n = 27)
. Within-da 88.8(n=9) 29 (n=9)

Kidney Between dyay 87.6 (n = 27) 45 (n=27)

, Within-day 80.4 (n=9) 118 (n=9)
Intestine Between day 80.2 (n = 27) 116 (n = 27)
Liver Within-day 78.9 (n = 9) 55(Mn=9)

Between day 76.2 (n =27) 5.8 (n=27)

a Coefficient of variation.

2.1.5. Dilution Integrity

The dilution integrity of OTA from plasma samples that needed a dilution of the
supernatant before the HPLC injection was also studied for the dilution factor selected
(1/15). Accuracy and precision were both below 15% (respectively, 2.93% (mean RE%) and
5.54% (CV%)). This demonstrates that acidified ACN is not saturated when extracting high
OTA doses and that the dilution of the supernatant does not affect the recovery.

2.1.6. Carry-Over Effect

There was no carry-over effect when measuring blank samples after high-concentration
calibration standards.

2.1.7. Stability

OTA in processed plasma, brain, intestine, liver, and kidney samples was stable
for at least 6 h in the autosampler tray (Table 4). Considering these results, all samples
were analyzed immediately after extraction and in less than 6 h, in order to assure OTA
quantification. Thus, a maximum of 24 vials were measured in one run, including samples,
calibrators, and QCs.

Table 4. Results of stability study. Time evolution of OTA concentrations in fortified blank samples at
low and high concentrations.

Plasma Brain Kidney Intestine Liver

Time (h) (i;‘;;;;rf;‘ A (%) Cm(efgl;fge)d AT (%) Cm(e;;';ge;‘ A (%) Cm(e;Sgl;rg;‘ A% (%) Cm(efg“;ge;' A (%)
Chominal 2-35 ng/mL
0 2.44 3.99 2.14 9.10 243 3.44 2.24 4.74 2.61 10.92
2 2.36 0.52 2.46 4.88 2.25 4.06 2.30 2.26 241 2.59
6 2.52 7.28 2.61 11.05 2.56 9.11 2.60 10.66 2.12 9.99
12 5.70 142.64 3.48 48.17 3.17 34.81 1.62 30.92 2.05 12.77
Chominal 228.33 ng/mL

237.81 4.15 208.54 8.67 202.43 11.34 213.38 6.55 213.77 6.38
2 230.46 0.93 229.75 0.62 197.13 13.67 206.65 9.50 216.87 5.02
6 247.86 8.55 256.83 12.48 228.21 0.05 227.34 0.43 195.83 14.23
12 462.34 102.49 357.30 56.48 279.62 22.46 232.49 1.82 202.84 11.16

2 Accuracy (RE%).
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2.1.8. Robustness

OTA retention time was very similar in both columns (6.7-6.9 min). When calibration
standard areas obtained with column A were extrapolated with the global calibration
curves obtained in column B and vice versa, the accuracy values obtained were acceptable
according to guidelines (<15%). The results from the robustness study are summarized in
Table 5. More data are available in the Supplementary Materials (Tables 54 and S5).

Table 5. Results of the robustness study. Precision and accuracy values of peak areas obtained in

column A are quantified with calibration curves from column B. Precision between days (n =9) is

presented in the table.

Areas from Column A Extrapolated with
Calibration Curves Obtained in Column B

Areas from Column B Extrapolated with
Calibration Curves Obtained in Column A

Cnominal (ng/mL)

Cmeasured (ng/mL)

CV3 (%) AP (%)

Chneasured (ng/mL) CV 2 (%) A (%)

Range 2.35-22.83 ng/mL 4

235 2.35 3.55 0.20 2.37 8.25 0.90
22.83 20.37 4.95 10.76 22.00 5.94 3.65
Range 22.83-228.33 ng/mL

22.83 22.26 4.95 2.50 24.01 5.94 5.16
228.33 216.82 4.99 5.04 231.80 5.55 1.52

2 Coefficient of variation. ® Accuracy (RE%). © Equivalent range in plasma: 2.35-22.83 ng/mL (no dilution factor).
d Equivalent range in kidney, liver, brain, and intestine tissue: 9.4-91.32 ng/g (dilution factor: 4). ¢ Equivalent
range in plasma: 342.45-3424.95 ng/mL (dilution factor: 15). f Equivalent range in kidney, liver, brain, and

intestine tissue: 91.32-913.32 ng/g (dilution factor: 4).

2.2. Application to In Vivo Study

This analytical procedure was applied to measure OTA in samples obtained after an
OTA repeated intraperitoneal dose study. OTA levels in control samples were not detectable
in any matrix, but they were found in all the matrices at both doses. Results are depicted in
Table 6, and typical chromatograms obtained can be seen in Figure 2. The highest levels of
OTA were found in plasma, followed by the liver. As explained above, all of the analytical

results obtained were corrected by recovery.

Table 6. Concentrations of OTA in plasma, brain, kidney, intestine, and liver in control (NaHCO3)

and OTA-treated mice after 28 days of repeated intraperitoneal dose administration (0.21 and 0.5

mg/kg bw). Results are expressed as mean £ SD for each matrix and condition.

OTA Concentration (ng/mL or ng/g)

Plasma Brain Kidney Intestine Liver
Control animals
1 <LLOQ? <LLOQ <LLOQ <LLOQ <LLOQ
2 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
3 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
4 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
5 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
Mean <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
Treated animals (0.21 mg/kg bw)
1 835.66 3.05 47.51 39.20 58.99
2 1093.83 4.28 56.58 56.78 69.65
3 836.21 1.94 55.41 52.84 78.98
4 787.23 3.00 48.18 35.80 69.35
5 849.31 3.69 78.81 54.15 60.96
Mean  880.45 + 121.61  3.19 £+ 0.87 51.14 + 12.70 47.82 +9.47 67.59 + 7.98
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Table 6. Cont.

OTA Concentration (ng/mL or ng/g)

Plasma Brain Kidney Intestine Liver

Control animals

Treated animals (0.5 mg/kg bw)

1 3858.11 13.19 163.70 296.86 244.00

2 1785.37 5.72 107.15 115.02 183.08

3 2312.75 7.27 106.93 149.33 163.17

4 3247.83 10.28 140.32 164.76 251.95

5 3061.26 9.90 172.70 104.34 173.59
2853.06 +

Mean 812.59 9.27 £2.89 138.16 £30.77  166.06 = 77.14  203.16 £ 41.61

@ Lower limit of quantification, Italics > LOD (limit of detection) < LLOQ.

e 0
) o
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Figure 2. Representative chromatograms obtained in the analysis of samples from the in vivo study
used in the application of the method in the different matrices: plasma (a), brain (b), kidney (c),
intestine tissue (d), and liver (e). Green line = samples from control animals; red line = samples from
treated animals (0.21 mg/kg bw); blue line = samples from treated animals (0.5 mg/kg bw). Plasma
samples from treated animals (both 0.21 mg/kg bw and 0.5 mg/kg bw) were diluted 1/15.
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3. Discussion

The method presented in this work is the first one published, to the best of our
knowledge, that allows OTA quantification in five different matrices (plasma, kidney, liver,
brain, and intestine tissue) in mice by means of HPLC-FLD. Indeed, there is no HPLC-FLD
method to quantify OTA in mice brains or intestines. There have been published several
analytical methods for OTA determination in biological samples. However, most of them
are developed for other species, mainly rats, and therefore, they are not applicable to mice
tissues, as they need a high quantity of samples in comparison with the sample amount
that can be extracted from a mouse. Considering a mouse weighs around 20-25 g and
a rat approximately 200-250 g, the sample size required in a method validated for OTA
quantification in mice would have to be 10 times lower than if it were validated for rats.

Regarding methods used previously by other authors to quantify OTA in mice, except
for the one published by Szoke et al. [23], they are all immunoassay methods, either enzyme
immunoassays [24] or radioimmunoassays [25,26]. Immunological methods are typically
less expensive but cannot distinguish between different ochratoxins, as reviewed by Meu-
lenberg [27]. Moreover, the use of radiolabeled compounds has important disadvantages,
as they present multiple health hazards and need specialized waste disposal. The method
validated in this study allows to quantify OTA in five different tissues in each individual
mouse by means of high-performance liquid chromatography coupled with a fluorescence
detector. HPLC-FLD is one of the most sensitive, convenient, and widely used bioanalytical
methods for OTA quantification in biological samples, as it is able to detect and distin-
guish between the various ochratoxin family members and metabolites. In fact, recently,
Szoke et al. aimed to develop an immunoassay-based method that could be compared
to HPLC-FLD (14). They do not present the full validation data for the chromatographic
method used; however, they concluded that HPLC-FLD gave, indeed, the most reliable
measurement at the lowest levels of OTA.

Apart from the high specificity, one important advantage of the present method is that
only 50 uL of plasma and 12.5 mg of tissue are enough to obtain results in a wide range
of concentrations. The low sample mass needed is extremely relevant in toxicology and
toxicokinetic studies, as well as when studying neurodegeneration. In this last situation,
the mice’s brains must often be dissected to analyze different structures separately, and
therefore, the sample mass available for HPLC analysis can be very low (15-20 mg), being
this one of the critical factors. Many authors do not specify the tissue mass needed for
the analysis [23], or they propose to use pooled tissues [24], which entails increasing the
number of animals per group and losing the interindividual variability data. Additionally,
working with such small volumes also accelerates the process, as the drying process is less
time consuming (around 30-40 min), being able to process samples in less than 3 h.

Regarding the range of concentrations, we proved the linearity of the method between
2.35 and 228.33 ng/mL, defining 2.35 ng/mL as the LLOQ for plasma and 9.4 ng/g as the
LLOQ for brain, kidney, liver, and intestine. In their publication, Szoke et al. [23] determined
the linearity in a higher range of concentrations (between 4.0 and 403.8 ng/mL), although
they defined the LLOQ as 2.4 ng/mL based on signal-to-noise ratio without checking the
linearity, precision, or accuracy. Thus, the present method achieved a similar LLOQ while
simultaneously demonstrating dilution integrity for expected high-concentration samples.
This capability enabled the quantification of OTA across a broader concentration range,
even after administering low doses of the mycotoxin.

The method presented allows OTA quantification in five different matrices (plasma,
kidney, liver, brain, and intestine). Tissue analysis requires an additional step in sample
preparation to turn biological samples into a liquid form. To this end, there are several
techniques available, such as homogenization, digestion, or sonication. Homogenization
is the most popular one [23]; however, the risk of cross-contamination is high, and the
homogenizer should be thoroughly rinsed after each sample to avoid it. In this study, the
validated method includes bead beating as the cell-disrupting procedure. Bead beating is
a cell disruption technique that can be used to obtain DNA, RNA, proteins, metabolites,
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and small molecules from diverse samples like animal and human tissues, bacteria, plants,
etc. [28]. This technique has become more popular lately, as it minimizes the risk of cross-
contamination compared to traditional techniques while also simplifying, optimizing, and
accelerating the sample preparation process. In this way, tissue samples are processed in
individual tubes that contain grinding beads, and 40 s is enough to obtain the homogenates.
Simultaneously, three samples can be homogenized with the model used, although the
number can be up to 24 samples at the same time with a bigger apparatus. Itis the first time,
to our knowledge, that the bead beating technique has been used in mice tissue samples
for OTA extraction, proving to be a useful and easy process.

Once tissues are homogenized, the extraction method is common for four out of the
five matrices (plasma, kidney, brain, and intestine tissue) using a three-fold volume of ACN
acidified with 0.4% formic acid. ACN is one of the most common organic precipitants for
the pretreatment of tissue samples due to its strong precipitating ability [29]. However, the
extraction of OTA has been demonstrated to be pH dependent, as at higher pHs (above pH
5.0), the deprotonation of the carboxyl and/or the phenolic hydroxyl group(s) can lower
the efficacy of the extraction [30]. Thus, acidifying ACN with 0.4% formic acid allows the
most effective extraction of OTA. The selection of the solvent was also made according to
previous studies regarding the extraction of mycotoxins, which demonstrated that acidified
ACN was the best solvent for the matter [31]. For protein precipitation, at least two volumes
of organic solvent should be added to each unit weight of tissue; the more added, the
more dilution factor but also, the more thorough the precipitation will be [29]. With the
method developed, a three-fold volume is used to ensure protein precipitation as then the
supernatant is evaporated, and no dilution is made in this step. In the case of the liver,
ice-cold absolute ethanol and trichloroacetic acid 20% were used as ACN acidified with
formic acid did not clean enough the samples. Amongst the options available to further
clean the samples, the use of a salt like sodium acetate was discarded as it has been shown
to reduce recovery values [31]. In the same line, cartridges could not be used due to the
small volumes available. Ethanol is also widely used as a precipitation agent and is less
toxic than other organic solvents such as chloroform or acetic acid. Again, the addition of
a strong acid as trichloroacetic acid 20% lowers the pH of the extraction solvent making
the extraction process more effective. However, it has to be noted that TCA is considered
to be hazardous, and the Threshold Limit Value (TLV) established by the International
Labour Organization (ILO) is much lower than those admitted for acetonitrile, formic
acid and ethanol (0.5 ppm for TCA, 20 ppm for ACN, 5 ppm for formic acid and 1000 for
ethanol) [32]. Therefore, to lower the risks, the extraction process was carried out with
acidified ACN when possible. In both cases, the procedure is simple, fast, and economical
because only one solvent step is needed, and the use of immunoaffinity columns is not
necessary. Five minutes of vortexing was enough time with both extraction solvents to
extract OTA from complex matrices such as the kidney, liver, plasma, intestines, and brain.

The recovery values have been studied and are presented for each matrix, which
is important considering the differences in composition between the matrices that affect
OTA binding and releasing. Recovery values are very efficient in all the matrices, ranging
between 74.8 and 87.6%, with CV values below 15%. This good reproducibility validates
the procedure of spiking blank samples and demonstrates the precision of the analytical
procedure. Szoke et al. [23] obtained a higher recovery value, but they do not specify
whether it is for plasma or for tissue samples nor present the within- and between-day
variability. However, from their study it is clear that recovery values obtained from HPLC
analysis are higher than those obtained from ELISA-based immunoassay or from flow
cytometry measurements. These findings reinforce the idea of HPLC being an adequate
technique to quantify OTA in mice tissues.

The fact that the method presented uses the same calibration curves and chromato-
graphic conditions for all five matrices makes it easier to carry out the experimental work.
The mobile phase used is also easy to prepare, as there is no need to adjust the pH. The
LLOQ achieved in all the matrices was adequate for toxicological studies, where high
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doses are administered to small animals, but also could be applied to further studies in the
neurodegeneration field, in which lower doses are administered for longer periods of time,
as proven in the application of the method.

OTA concentrations were found to be similar in the kidney and liver, with slightly
higher levels detected in the liver. While this finding may appear contradictory to OTA’s
primary nephrotoxic effect, it aligns with previous studies in rodents that reported sim-
ilar or even higher OTA levels in the liver under various experimental conditions and
administration routes [23,33-39]. In this regard, some of these studies have demonstrated
that, despite similar accumulation in both target and non-target tissues, only the kidney
exhibited biochemical and histopathological changes [36,37]. Moreover, the results also
show OTA accumulation in the small intestine at levels similar to those in the kidney and
liver and penetration via the blood-brain barrier, with concentrations in the brain falling
between the LOD and the LLOQ. This is in agreement with Wang et al., who in 2020 re-
ported similar biodistribution of OTA upon intravenous administration [25]. It is important
to note that in this method tissue levels and not intestine content levels were measured,
as in the latter, levels of OTA can be substantially higher [25]. However, considering that
OTA-induced toxicity is not only driven by tissue distribution and kinetics but also by
organ-specific toxicodynamics, the necessity for further delving into its possible role in
neurodegenerative diseases is underscored.

4. Conclusions

In conclusion, a highly sensitive, rapid, and simple HPLC-FLD method for OTA
determination in mice tissues (kidney, liver, brain, and intestine), as well as plasma samples,
was developed and validated for selectivity, linearity, accuracy, precision, recovery, dilution
integrity, carry-over effect, stability, and robustness. The applicability of the assay was
evaluated in repeated low-dose OTA study in Balb/c mice.

The method described allows for the quantification of OTA in each individual needing
a very low sample mass with good recovery values. In addition, it has been validated
for novel and less common tissues in OTA-related research, such as the intestine and
brain, which could, however, be essential for delving into its potential neurodegenerative
effects. Moreover, the fact that immunoaffinity columns are not needed makes this also
a simple, fast, and economical method. Following the FDA and EMA guidelines, it has
been demonstrated that all the validation criteria were met; thus, the method has adequate
characteristics to assure reliable results.

5. Material and Methods
5.1. Reagents

All the reagents used for the HPLC analysis were of LC-gradient grade. Acetonitrile
(ACN) and formic acid were purchased from Merck (Darmstadt, Germany), whereas abso-
lute ethanol UV-IR-HPLC and trichloroacetic acid 20% (w/v) (TCA) were both obtained
from Panreac (Barcelona, Spain). Water used throughout the analysis was purified with a
Milli-Q System (Millipore, Bedford, MA, USA).

For the tissue homogenates, sodium phosphate buffer (0.05 M, pH 6.50) was prepared
by adding 6.90 g of NaH;PO4-H,O (Merck, Darmstadt, Germany) to 900 mL of distilled
water. The pH of the dissolution was adjusted with NaOH 3 M, and the volume was
adjusted to one liter. The buffer was kept at 4 °C until use.

OTA was obtained in powder from Sigma-Aldrich (Steinheim, Germany) (REF 01877,
lot 0000149830). For animals’ administration, OTA was dissolved in 0.1 M NaHCO;
(sodium bicarbonate powder, Sigma-Aldrich, Steinheim, Germany), adjusted to pH 7.4
with HCI, and kept at —20 °C until use. To prepare the standard solutions, OTA was
dissolved in methanol 99.9% (Panreac, Barcelona, Spain) and kept at —20 °C until use.
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5.2. Application of the Method: Animals and Samples Collection
5.2.1. Animals and Experimental Design

The animals used were eight- to nine-week-old male Balb/cBy]J (ref. 627) mice pur-
chased from Charles River. On the day of arrival, animals were weighted and distributed
randomly into individual polycarbonate cages with stainless steel covers, with a maximum
of six mice per cage. Mice were maintained in constant environmental conditions of hu-
midity (55 £ 10%) and temperature (22 & 2 °C) on a 12 h light/dark cycle and allowed
ad libitum access to standard pellet diet (Special Diet Service, Essex, UK) and normal
tap water.

For the study involved in the application of the method, animals were distributed
into 3 groups (n = 10 per group) and, after one week of acclimatization, received repeated
OTA administrations (0.21 or 0.5 mg/kg) or vehicle (NaHCO3) daily for 28 days, intraperi-
toneally. For blank samples, male Balb/cBy] (ref. 627) (n = 10) were purchased, left for the
acclimatization period, and sacrificed without receiving any administrations.

These experiments were approved by the Ethics Committee on Animal Experimenta-
tion of the Universidad de Navarra (CEEA 049-19), and they were conducted according to
the National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals.

5.2.2. Plasma and Samples Collection

Animals were sacrificed 24 h after the last OTA administration. Blood was ob-
tained at sacrifice from cardiac puncture and collected in Sarstedt (Niimbrecht, Germany)
Multivette® 600 EDTA K3 tubes for then to be centrifuged at 2000x g for 10 min. The
obtained plasma was stored at —20 °C until HPLC analysis. The brain, liver, kidney, and
small intestine were rapidly removed from the animals and washed with saline buffer until
the external blood was removed. Intestines were also washed internally. Organs were
carefully dried using filter paper and weighed; then, the brain was dissected, and the rest of
the organs were carved. During the necropsies, all the dissection material was cleaned with
saline buffer and rinsed with ethanol after each animal to prevent sample contamination.

For other purposes, the brain was dissected, and the different structures were collected
as needed. After dissection, the remaining portion of the right hemisphere was promptly
frozen in liquid nitrogen for OTA quantification. The kidneys, liver, and intestine were
carved according to established laboratory protocols: the kidney was transversely cut to
include both cortex and medulla, one lobule of the liver was longitudinally cut, and the
intestine was transversely cut. Thereafter, smaller portions of these tissue pieces were
immediately frozen in liquid nitrogen and kept at —80 °C until analysis. The weight of
these tissue pieces varied between organs, ranging from 15 to 20 mg for the brain and 18
to 40 mg for the other tissues. Blank samples for method validation were obtained from
non-treated animals and processed as described above.

5.3. Apparatus and Chromatographic Conditions

The analytical method was based on the one validated for rat plasma, kidney, and
liver by our group [40], with some modifications in order to adapt the sample treatment to
a different animal species and to new tissues (brain and intestine), reducing the sample
mass needed, and also, to simplify both: chromatographic separation conditions (mobile
phase) and sample preparation procedure. OTA was quantified by HPLC-FLD in an
1100 series LC (Agilent Technologies, Waldbronn, Germany) with a fluorescence detector
(A excitation 225 nm and A emission 461 nm). The chromatographic system was equipped
with a Tracer Extrasil ODS column (25 cm x 0.4 cm, 5um particle size) from Teknokroma
(Spain) preceded by a (4 mm i.d.) Tracer Extrasil ODS2 safeguard column and working at
40 °C. The mobile phase was a mixture of acetonitrile and an aqueous solution of formic
acid (0.4%) (50:50) in isocratic conditions. The aqueous phase was filtered through a 0.45
pum nylon membrane filter (Teknokroma, Barcelona, Spain). The injection volume was 20
uL, and the flow rate was 1 mL/min. The retention time for OTA under these conditions
was 6.7 min, and the total analysis time was 10 min.
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5.4. Preparation of Stock and Working Solutions

The stock solution of OTA (1 mg/mL) was prepared by dissolving 1 mg of OTA in
methanol, and its concentration was verified by spectrophotometry at 333 nm (MW = 403.8;
¢ = 5500 M~! em~!). OTA working standard solutions were prepared by diluting the
stock solution with methanol and stored at —20 °C until use. OTA stability was previously
confirmed in these conditions [41]. Thirty minutes before using them, an aliquot of each
standard was tempered in darkness.

5.5. Preparation of Calibration and Quality Control (QC) Samples

The calibrators used in the validation of the method were prepared in 1.5 mL Eppen-
dorffs by evaporating 50 pL of the corresponding working standard solution and dissolving
them in 50 pL of the mobile phase.

QC samples were prepared similarly to calibrators at low, medium, and high concen-
tration levels (2.35 ng/mL, 22.83 ng/mL, and 228.33 ng/mL) and were included in every
analytical run while the analysis of study samples, according to the recommendations in
FDA end EMA guidelines [21,22].

During sample analysis, according to the guidelines, each analytical run contained the
three QC levels and at least two replicates per QC level. In total, at least six QCs were used
in each analytical run, or QCs were enough to accomplish 5% of the total number of the
analyzed samples, whichever number was greater. The preparation of all calibrators and
QC samples was just before the analysis.

5.6. Sample Treatment
5.6.1. Homogenization of Solid Tissues

In the case of solid tissues (brain, liver, kidney, and intestine), frozen samples were
thawed, weighed, and mixed with a sodium dihydrogen phosphate-buffered solution at pH
6.5 (4 puL per mg of tissue, dilution factor of kidney, liver, and intestines 1/4). After that, the
mixture was homogenized with a bead beater (BeadBug™ 3 Position Bead Homogenizer,
Gentaur, Kampenhout, Belgium) using 2 mL screw cap microtubes and 3 mm glass beads.
Homogenates were then transferred to another Eppendorf in order to be frozen without
the presence of the beads at —80 °C. Homogenates were frozen for at least 24 h hours until
the extraction was carried out.

5.6.2. OTA Extraction

Plasma, brain, kidney, and intestine. For OTA quantification in plasma, brain, kid-
ney, and intestine tissue homogenates, frozen samples were kept at room temperature in
darkness for 30 min before the extraction process. Following that, 50 uL of the sample
was mixed with 150 uL of ACN acidified with formic acid (0.4%) for protein precipitation
and OTA release. After vortexing for 5 min, the sample was centrifuged at 12,000x g for
10 min at room temperature. Then, 150 pL of the supernatant were dried in an evaporator
(GeneVac, SP Scientific, Ipswich, England) under vacuum at 60 °C and reconstituted with
50 pL of mobile phase (no dilution factor for plasma, dilution factor of kidney, liver, and
intestines 1/4). For plasma samples with an expected high OTA concentration, only 10 pL
of the supernatant was evaporated before being reconstituted with 50 pL of mobile phase
(dilution factor 1/15).

Liver. For OTA extraction in the liver, homogenates were tempered in darkness for
30 min at room temperature. After that, 50 pL of the sample was mixed with 120 uL of
ice-cold absolute ethanol and 15 pL of TCA 20%. Then, samples were vortexed for 5 min,
centrifuged at 12,000 x g for 10 min at room temperature and treated further as previously
described for plasma, brain, kidney, and intestine tissue samples.

5.7. Validation of the Method

Following the FDA end EMA guidelines [21,22], the analytical method was validated
according to the following parameters: selectivity, linearity, accuracy, and precision (within
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and between days), recovery, dilution integrity, carry-over effect, stability, and robustness.
The acceptance criteria, based on the guidelines, are summarized in Table 7.

Table 7. Summary of acceptance criteria used for the validation of the method (adapted from [21,22].)

Parameters Criteria of Acceptance Based on EMA and FDA Criteria
Absence of interfering components is accepted where the

Selectivity response is not more than 20% of the analyte response at the
LLOQ ? for the analyte.

At least 6 concentration levels. Back-calculated concentrations of
Linearity/calibration curve the calibration standards should be within 15% of the nominal
value (20% at LLOQ) for at least 75%.

RE% P and CV% ¢ (within runs and between runs): £15% of
nominal concentrations, except £ 20% at LLOQ.

Accuracy and precision

Dilution integrity RE% and CV%: £15%.

Blank response after a calibrator at ULOQ d should not exceed
20% of the analyte response at LLOQ.

Stability RE% at each level (LLOQ and ULOQ): £15%.

Robustness Column batches (2).

Carry-over effect

2 LLOQ' Lower limit of quantification. ® RE%: relative error. ¢ CV%: coefficient of variation. 4 ULOQ: upper limit
of quantification.

5.7.1. Selectivity

The ability of the method to distinguish OTA from other endogenous components
present in the samples was evaluated for the five matrices individually. The selectivity
of the method was assessed by measuring and comparing blank plasma or tissues from
6 different individuals (not treated with any substance), with blank plasma or tissues spiked
with OTA and with samples from OTA-treated mice.

5.7.2. Linearity (Calibration Curves) and LLOQ

The linearity was tested with OTA calibrators prepared as described above in 5.5. A
calibration curve was made in triplicate on three different days in each one of the following
ranges: 2.35-22.83 ng/mL and 22.83-228.33 ng/mL. Each one of the ranges included
six points. With regard to linearity, the following criteria were considered: correlation
coefficient (2 > 0.99), coefficient of variation (CV) between response factors (<5%), slope
interval not having to include zero (p = 95%), and intercept interval having to include zero
(p = 95%). Also, the back-calculated concentrations of the calibration standards should be
within 15% of the nominal value (20% at LLOQ).

The lower limit of quantification (LLOQ) was established as the lowest OTA concentra-
tion inside the linear range that could be quantified with acceptable precision and accuracy
(£20%).

5.7.3. Precision and Accuracy

Within- and between-day precision and accuracy of the linearity were studied by
analyzing three replicate calibrations standards at low, intermediate, and high concen-
trations (2.35, 22.83, and 228.33 ng/mL) on 1 day (within days) and on 3 different days
(between days). The accuracy was calculated as the relative error (RE%) of back-calculated
concentrations with respect to the nominal value. The precision, defined as the closeness of
repeated individual measures of the analyte, was expressed as CV% between the different
replicates (within days) and runs (between days). Criteria for precision and accuracy were,
respectively, CV (%) and RE (%) of less than 15% (20% for LLOQ).
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5.7.4. Recovery

Due to the difficulty of obtaining these blank matrices in quantity enough to prepare
all the matrix-matched calibrators and QCs needed, linearity has been studied using OTA
solutions. For this reason, the recovery of OTA when the extraction procedure was applied
to the samples has been assessed. Recovery has been studied for each one of the matrices,
fortifying blank samples of each matrix with known OTA concentrations (2.35, 22.83, and
228.33 ng/mL). The spiking process was as follows: 50 uL of the corresponding working
OTA solution was poured into an Eppendorf and evaporated under a vacuum at 60 °C.
Then, 2.5 pL of ACN acidified with formic acid (0.4%) was added, and after vortexing for
2 min, 50 uL of the blank sample (plasma or tissue homogenates) were added and vortexed
for 1 min more. The addition of this small volume of acidified ACN was made to ensure
that plasma or homogenates dissolved OTA residue completely following evaporation.
The mixture was left in darkness at room temperature to stand for 10 min before starting
the procedure of sample treatment as previously described. The OTA recovery value (%) in
all the matrices was calculated by dividing the experimental OTA concentration obtained
in the spiked samples by the nominal OTA level. The precision of this process was studied
by carrying out the recovery experiment for each matrix at three concentration levels, by
triplicate, and on 3 different days so precision could be assessed in intermediate conditions.
The criteria for precision was CV (%) of less than 15% (20% for LLOQ). The obtained
mean recovery values for each one of the matrices were used in the correction of the levels
obtained using the calibration curves.

5.7.5. Dilution Integrity

Some plasma samples were expected to have a high OTA concentration, so they were
diluted. For this reason, dilution integrity was proven. For that aim, the dilution factor
chosen (1/15) was used in a blank plasma sample spiked with an OTA concentration above
the upper limit of quantification (ULOQ) (1174.69 ng/mL). Five determinations were made
in one day, and the acceptance criteria were accuracy and precision (respectively RE% and
CV%) of less than 15%.

5.7.6. Carry-Over Effect

The carry-over effect was investigated by measuring blank samples after calibration
standards at the ULOQ five times.

5.7.7. Stability

OTA stability in frozen tissue homogenates was not assessed in this study, as previous
data using rat tissues and the same homogenization buffer showed that OTA is stable
at least 10 months after being homogenized and frozen [40]. OTA stability in the HPLC
autosampler tray was evaluated by analyzing OTA spiked samples of each matrix at LLOQ
and at ULOQ just after preparation (0 h) and at 2, 6, and 12 h in the autosampler tray. The
stability of OTA in the analysis solution was accepted if RE% of the OTA concentration
obtained is between £15% of the one just after sample preparation. Additionally, an OTA
concentration versus time regression analysis was performed; stability was confirmed if
the slope was not statistically different from 0 (p = 95%).

5.7.8. Robustness

Finally, robustness was assessed by studying the influence of different batches of the
chromatographic column. Linearity on two different Tracer Extrasil ODS2 columns was
studied by analyzing calibrators in each one of them. Linearity was studied as presented
before in each one of the columns and for both ranges studied (2.35-22.83 ng/mL and
22.83-228.33 ng/mL), and a global calibration curve was obtained in each one of the
ranges and columns. After that, the peak areas of OTA obtained in one of the columns
for calibrators at the low, medium, and high levels (2.35, 22.83, and 228.33 ng/mL) were
extrapolated and quantified with the global calibration curves obtained in the other column.
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Robustness was assessed if precision and accuracy for the calibrators were less than 15% in
each one of the columns.

5.8. Acceptance Criteria of an Analytical Run

According to the guidelines [21,22], the run was considered acceptable if at least 67%
of QCs were within £15% of the nominal values and 50% or more of QCs per level were
within £15% of their nominal concentrations.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/toxins16050213/s1. Table S1: Raw data of the linearity study
of column A; Table S2: Raw data from the precision and accuracy study; Table S3: Raw data from
the recovery study; Table S4: Results of the robustness study; Table S5: Global calibration curves of
column B.
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Abbreviations

ACN Acetonitrile

(Y Coefficient of variation

EMA European Medicines Agency

FDA Food and Drug Administration

HPLC-FLD  High-performance liquid chromatography-fluorescence detection
TIARC International Agency for Research on Cancer
ILO International Labour Organization

LLOQ Lower limit of quantification

LOD Limit of detection

NIH National Institute of Health

OTA Ochratoxin A

PD Parkinson’s disease

QC Quality control

RE Relative error

TCA Trichloroacetic acid

TLV Threshold Limit Value

ULOQ Upper limit of quantification
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Abstract: Breakfast cereals play a crucial role in children’s diets, providing essential nutrients that
are vital for their growth and development. Children are known to be more susceptible than adults
to the harmful effects of food contaminants, with mycotoxins being a common concern in cereals.
This study specifically investigated aflatoxin B1 (AFB1), enniatin B (ENNB), and sterigmatocystin
(STG), three well-characterized mycotoxins found in cereals. The research aimed to address existing
knowledge gaps by comprehensively evaluating the bioaccessibility and intestinal absorption of these
three mycotoxins, both individually and in combination, when consumed with breakfast cereals and
milk. The in vitro gastrointestinal method revealed patterns in the bioaccessibility of AFB1, ENNB,
and STG. Overall, bioaccessibility increased as the food progressed from the stomach to the intestinal
compartment, with the exception of ENNB, whose behavior differed depending on the type of milk.
The ranking of overall bioaccessibility in different matrices was as follows: digested cereal > cereal
with semi-skimmed milk > cereal with lactose-free milk > cereal with soy beverage. Bioaccessibility
percentages varied considerably, ranging from 3.1% to 86.2% for AFB1, 1.5% to 59.3% for STG, and
0.6% to 98.2% for ENNB. Overall, the inclusion of milk in the ingested mixture had a greater impact
on bioaccessibility compared to consuming the mycotoxins as a single compound or in combination.
During intestinal transport, ENNB and STG exhibited the highest absorption rates when ingested
together. This study highlights the importance of investigating the combined ingestion and transport
of these mycotoxins to comprehensively assess their absorption and potential toxicity in humans,
considering their frequent co-occurrence and the possibility of simultaneous exposure.

Keywords: breakfast cereals; mycotoxin co-occurrence; in vitro digestion; LC-MS/MS; children;
bioaccessibility; intestinal absorption

Key Contribution: This study goes beyond previous research about bioaccessibility and transport
by investigating mycotoxins individually and in combination, considering their co-occurrence in
breakfast cereals, and emphasizes the importance of understanding their absorption and potential
toxicity in humans, namely, children.

1. Introduction

Mycotoxin toxicity, bioaccessibility, and intestinal absorption form a critical triad for
food safety, human health, and agricultural practices. Understanding these interlinked
concepts is crucial to assess the impact of mycotoxins on human health and their path to
the systemic circulation, where they exert toxic effects.

Produced by various molds, primarily Aspergillus, Penicillium, and Fusarium species,
mycotoxins contaminate a wide range of agricultural products [1,2]. Notorious for their
potent toxic effects on humans and animals, they can cause acute and chronic illnesses,
immunosuppression, cancer, gastrointestinal disorders, and kidney damage [3]. Aflatoxins,
a well-recognized group of mycotoxins known for their potent toxicity, include aflatoxin
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B1 (AFB1), the most prevalent and carcinogenic member classified as Group 1 by the
International Agency for Research on Cancer (IARC) [4]. Aflatoxins are produced by
Aspergillus flavus and A. parasiticus, typically found in soil, decaying vegetation, hay, and
grains undergoing microbiological deterioration [5]. The European Food Safety Authority
(EFSA) reports a persistent dietary intake of AFB1 in younger age groups, ranging from
0.08 to 1.78 ng/kg body weight per day on the lower end and from 0.58 to 6.95 ng/kg body
weight per day on the upper end [3]. This persistent exposure underlines the importance
of research on aflatoxin-related health effects in children [3].

Climate change contributes to the emergence of unregulated mycotoxins, such as
enniatin B (ENNB) and sterigmatocystin (STG), which require consistent monitoring due
to their potential harm [6]. These “emerging mycotoxins” have been detected in various
food products like cereals, nuts, and processed foods, including breakfast cereals [7]. As
a food highly consumed by children, breakfast cereals raise specific concerns. Children
are more vulnerable to food contaminants due to the potential for substantial damage to
intestinal enterocytes (cells lining the small intestine) by these toxins [8-10]. Therefore,
studying the effects and fate of these compounds within the gastrointestinal tract is of
paramount importance.

Concerning these compounds’ toxicity, STG serves as a precursor for aflatoxin produc-
tion and shares structural similarities with it. It is produced by Aspergillus species, such as
A. versicolor and A. nidulans, under optimal environmental conditions of 27-29 °C [11].
While STG is associated with low-level acute toxicity, the primary concern lies in its carcino-
genic properties, roughly one-tenth of those of aflatoxin Bl [12]. ENNB belongs to a group
of cyclic hexadepsipeptides produced by several Fusarium species such as F. avenaceum,
FE. tricinctum, F. poae, F. sporotrichioides, and F. langsethiae [13,14] and its contamination usu-
ally occurs pre-harvest [15]. ENNB exhibits strong cytotoxic effects, inducing cell death
via mitochondrial damage [16]. Despite the EFSA asserting that short-term exposure to
ENNB does not pose immediate health risks for humans, studies have demonstrated strong
cytotoxic activity in different human cell lines, such as intestinal Caco-2 cells [17,18]. This
suggests potential health risks with long-term exposure, warranting further investigation.

The quantity of ingested mycotoxin may not reflect the actual amount available for
exerting its toxic effects. Only a fraction becomes bioaccessible within the gastrointestinal
tract and further bioavailable upon reaching the bloodstream [19]. In vitro methodologies,
such as simulated digestion models and intestinal absorption cellular models (e.g., Caco-
2/HT29MTX co-culture), have gained traction in recent years [20-22]. These models
mimic the human digestive and absorption process, allowing for researchers to investigate
the influence of the food matrix on molecule bioavailability [19]. Cereal matrices have
been extensively studied in this context, demonstrating high bioaccessibility for many
toxins [23-25]. However, significant knowledge gaps remain. Although there are studies
exploring ENNB bioaccessibility in breakfast cereals [24], and AFB1 bioaccessibility in
plant-based milks [26], there is no existing literature on intestinal absorption of any of
these compounds in Caco-2/HT29MTX co-cultures, with only one study focusing on
the effects of AFB1’s metabolite (AFM1) within these co-cultures [27]. Although IARC
monographs provide valuable information on AFB1’s in vivo absorption in humans [28,29],
further research is necessary to understand the combined effects of these mycotoxins during
intestinal absorption, particularly for ENNB and STG.

Given the limited research on mycotoxin bioaccessibility and intestinal absorption in
children [28], particularly concerning combined ingestion, this study aimed to comprehen-
sively assess these processes for AFB1, ENNB, and STG. This will enhance the accuracy of
risk evaluation for mycotoxin exposure in this vulnerable population.

This study employed a validated in vitro gastrointestinal model mimicking the hu-
man digestive system and a well-characterized intestinal absorption cellular model to
comprehensively assess the bioavailability of target compounds. We investigated the bioac-
cessibility of AFB1, ENNB, and STG, both individually and in combination, in artificially
contaminated breakfast cereals. We also examined their bioaccessibility in cereals with
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semi-skimmed milk (including milk alone) and their subsequent isolated and combined ab-
sorption in human-derived epithelial intestinal Caco-2/HT-29MTX co-culture cells. These
co-culture cells represent the first human intestinal barrier encountered by mycotoxins after
ingestion and digestion. Notably, this research appears to be the first to investigate the
transport of these mycotoxins within this specific intestinal cell model (Caco-2/HT-29MTX
co-culture).

2. Results and Discussion
2.1. Method Performance

Matrix calibration curves for digested matrices were generated to mitigate interfer-
ences stemming from matrix components. A linear response, with coefficients of correlation
(r) exceeding 0.99, was observed for all mycotoxins in intestinal fraction of digested ma-
trices. In the case of gastric fraction of digested matrices, favorable linear correlations
(r > 0.98) were achieved only for ENNB (Table S1). Validation of the method for AFB1 and
STG in gastric fraction proved challenging due to persistent interferences that the clean-up
process failed to eliminate. The limits of detection (LODs) ranged from 0.3-0.9 ug/L to
0.1-0.8 pg/L for gastric and intestinal fractions of digested matrices, respectively, and the
limits of quantification (LOQs) ranged from 1.1-3.1 pug/L to 0.4-2.5 pug/L for gastric and
intestinal fractions of digested matrices, respectively (Table S1). Recovery percentages sur-
passed 70% for the four matrices, except for ENNB in breakfast cereal with semi-skimmed
milk and in breakfast cereal with soy beverage, AFB1 in breakfast cereal with soy beverage,
and STG in breakfast cereal with semi-skimmed lactose-free milk, which exhibited recov-
eries below 60%, and the coefficient of variation (%CV) values for interday and intraday
precision were below 15% and 16%, respectively (Table S2).

Concerning transport assays, a linear response was verified for the three mycotoxins
(with r > 0.98). The LODs and LOQs were observed to be in the ranges of 0.1 to 0.5 ng/L
and 0.2 to 1.5 pg/L, respectively. The coefficient of variation (%CV) values for both interday
and intraday precision were found to be below 16% (Table S3).

2.2. Mycotoxins Bioaccessibility

Bioaccessibility values after in vitro digestion (gastric and intestinal) of AFB1, ENNB,
and STG in breakfast cereals, and breakfast cereals with different milks and soy beverage
are presented in Table 1. AFB1 and STG gastric bioaccessibilities were not evaluated, as
already described in Section 2.1. Overall, an upward trend was noted throughout the
gastrointestinal tract, indicating an increase in mycotoxin bioaccessibility from the gastric
to the intestinal phase, except ENNB in the matrices with milk. The overall percentages
of bioaccessibility varied within the following range accordingly to the matrix: very low
to 98.2% for BC, very low to 47.2% for BCSSM, very low to 21.6% for BCSSMLF, and very
low to 26.7% for BCSB. In terms of intestinal bioaccessibility, AFB1 demonstrated values
ranging from 3.1% to 86.2%, STG exhibited values between 1.5% and 59.3%, and ENNB
showed values spanning from 0.6% to 98.2%.

Concerning the matrix complexity, in general, when the breakfast cereals were con-
sumed mixed with milk, all mycotoxins showed lower bioaccessibilities than when cereals
were ingested alone. ENNB and STG presented the lowest percentages of the bioaccessible
fractions (less than 2%), namely, when in mixture.
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Table 1. Percentage (%) of bioaccessibility of mycotoxins in cereal and cereal with different types of
milk and beverages after gastric and intestinal in vitro digestion.

Mycotoxin In Vitro Digestion Bioaccessibility (%)
BC BCSSM BCSSMLF BCSB
. Isolated <LOD <LOD <LOD <LOD
Gastric Mixture <LOD <LOD <LOD <LOD N
AFBI Intestinal Isolated 242403* N 2034+1.0% 7 313 +£017* 7 .
Mixture 275+103* &  181+68* N 9.06 + 4.32* N £
, Isolated 181+ 42" 263 +63%° 2
ENNE Gastric Mixture 216+400 267 +843b :
) Isolated 185 +9.5b 454 4+1.42P 219 +22P 3
Intestinal i ture 107 442" 062 40.17° 108 + 05" 2
) Isolated <LOD <LOD <LOD <LOD g
Gastric Mixture <LOD <LOD <LOD <LOD -
STG Intestinal Isolated - 817 +0.69%* A 197+17b » 1.45 4 0.06 b * 7
Mixture 9524280 * * 8224149P ~ 1.97 £0.79 b * A

Abbreviations: BC—breakfast cereal; BCSSM—Dbreakfast cereal with semi-skimmed milk; BCSSMLF—breakfast
cereal with semi-skimmed lactose-free milk; BCSB—breakfast cereal with soy beverage. <LOD—below limit of
detection. Data expressed as mean + standard deviation (1 = 6) for samples following normal distribution. The
arrows (/') indicate an increase in bioaccessibility between gastric and intestinal phases. * Significant difference
(p < 0.05) between isolated and mixed transport of mycotoxins; different letters in the same row indicate differences
(p < 0.05) betweenransports.

The bioaccessibility of mycotoxins has been reported to be influenced by various fac-
tors, including its chemical structure, pH during the digestion process, and the composition
of food matrices [25]. The disparities in bioaccessibility (%) presented in Table 1 can also
be elucidated by the composition of the digested food matrices as referred to in previous
research for both nutrients and toxic compounds [30]. Cereal-based foods typically contain
natural compounds, such as adsorbent dietary fibers, which interact with mycotoxins, re-
sulting in a reduction in their bioaccessibility [31]. Interactions with other food components
can influence mycotoxin bioaccessibility, with mycotoxins demonstrating the ability to
bind primarily with proteins and lipids within the food matrix [24]. Moreover, dietary
fibers have already been used as a protective measure against mycotoxicosis by their inclu-
sion in food and feed products, offering a cost-effective method for detoxification [32,33].
Table 3 (Section 4) displays the proximate nutritional composition of each product used
in the gastrointestinal digestion process. The bioaccessibility values for ENNB, in the
breakfast cereal digested sample (corn with honey), are 91.2% and 98.2% for the mycotoxin
in isolated form and in the mixture, respectively. These values surpass those reported in
the only study in a similar type of digested matrix (corn flakes) by Prosperini et al. (ranging
from 43 to 70%) [24]. These differences can be attributed to the composition of our sample.
Although having the same fiber content (3 g/100 g of product), it exhibits lower levels of
fat (0.6 g against 0.7 g/100 g of product) and protein (5.5 g against 8.0 g/100 g of product),
which enables greater bioaccessibility, given that the levels of fat and proteins are lower,
resulting in less retention of mycotoxins in the matrix, making them more bioaccessible.

For the digested breakfast cereal samples with the different types of milk and soy
beverage, as can be seen in Table 1, the bioaccessibility percentages of mycotoxins are
much lower compared to the digested breakfast cereal sample alone. This behavior could
be explained by the fact that the milks and the soy beverage contain a higher fat content
(>3 g/100 mL) (Table 3), which leads to lower bioaccessibility. The high fat content can
undergo the release of mycotoxins from the matrix, most probably related to the different
lipophilic and hydrophilic properties of these molecules [34]. ENNB demonstrates to be
the most lipophilic (log P /v, of 3.61), being poorly soluble in water, followed by STG and
AFB1 (log P,/ of 2.61 and 2.09, respectively), moderately hydrophilic, which explains
the greater retention of these compounds in matrices containing milk. Additionally, the
digested breakfast cereal with soy beverage exhibits even lower values compared to the
other matrices with milk. One of the reasons for this decrease in bioaccessibility, with the

125



Toxins 2024, 16, 205

exception of ENNB, is due to the soy beverage’s increased fiber content, which is not found
in the other types of milk.

2.3. Cell Monolayer Integrity Control

To validate that the transport study adhered to recommended conditions, two distinct
measurements were employed to assess monolayer integrity after exposure for 180 min to
the detoxified bioaccessible fraction and a mixed standard solution of mycotoxins: (i) the
determination of mycotoxin cytotoxicity with the concentrations under investigation and
(ii) the measurement of trans-epithelial electrical resistance (TEER). TEER determination
furnishes details regarding the consistency of the Caco-2 cell layer on the filter support and
the integrity of the tight junctions established between the polarized cells [22], and a decline
in that TEER values could indicate an increase in the permeability of the tight junctions
due to cell detachment, etc. [35]. TEER values for Caco-2/HT-29MTX monolayers were
complying with values reported in the literature [22]. No significant differences (p < 0.05)
were observed in TEER values, measured before (0 h, ~1390 Qcmz) and after transport
experiments (3 h, ~1730 Qcm?), following exposure to mycotoxins, either individually or
in a mixture in both matrices.

The detoxified bioaccessible fraction was serially diluted in the transport medium
(HBSS) and tested by exposing it to the monolayers for 180 min, as well as a standard
mixture of the contaminants in relevant concentrations ENNB (0.31 uM), STG (0.62 uM),
and AFB1 (0.64 uM). It is worth noting that these concentrations are within the range
found in food [2,36], despite the low concentrations of AFB1 reported in the literature and
the stringent regulations governing its maximum content in food [37]. The bioaccessible
fraction in a dilution higher than 6 x did not impart cell toxicity to the co-cultured cells
Caco-2/HT-29MTX; thus, this dilution was selected for further assays. The toxicity of
the compounds themselves was also not noticed after 180 min of exposure, thereby not
affecting cell viability (Figure 1) as measured by the MTT assay. These preliminary assays
assured that the monolayer integrity of differentiated Caco-2/HT-29MTX cells remained
uncompromised during transport assays.

MTT
Caco-2/HT-29MTX co-culture

" Bioaccessible fraction
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Figure 1. Percentage of cell viability of proliferating Caco-2/HT-29MTX cells, after 180 min of
exposure to mycotoxins. Data expressed as mean + SD of 3 independent experiments (n = 3) against
an HBSS control (100% viability). AFBl—aflatoxin B1; ENNB—enniatin B; MIX—mixture of the three
mycotoxins; STG—sterigmatocystin. Bioaccessible fraction suffered a heat treatment of 98 °C for
5 min, and was diluted 2, 4, 6, 8, 10, and 12 times. Standard solution: mixture of AFB1 + ENNB + STG
of 200 ng/L diluted in HBSS.

2.4. Intestinal In Vitro Absorption Assays

The apical-basolateral transport of individual AFB1, ENNB, STG, and their combined
mixture was evaluated across Caco-2/HT-29MTX monolayers. Human cell models, such
as the Caco-2/HT-29MTX co-culture model, serve as prominent tools for examining in-
testinal transport and absorption [22]. This model, involving the co-culture of Caco-2
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and HT-29MTX, proves valuable for exploring transport across the intestinal epithelium
and studying bacterial adhesion and invasion [22]. The inclusion of the mucin layer by
HT-29MTX and the assessment of cell layer permeability are pivotal for such investigations,
and the co-culture approach yields results that align more closely with the in vivo conditions
compared to monocultures [22].

Figure 2 presents the outcomes related to the transport across Caco-2/HT-29MTX
monolayers of each mycotoxin individually and in a mixture, expressed as mass percentage
transported over time, in both cereal and cereal with semi-skimmed milk matrices. All
mycotoxins under study were absorbed; however, varied transport rates were noted based
on the mycotoxin type, the presence of another molecule (isolated or mixed), and the type
of matrix. In theory, the cumulative fraction of a passively transported drug across Caco-2
cell monolayers should exhibit a linear increase over time when conducted under sink
conditions. However, in practical experiments, deviations from this scenario may occur,
leading to non-linear transport behavior.
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Figure 2. The percentage of AFB1 ((A): in breakfast cereals and (B): in breakfast cereals with semi-
skimmed milk), ENNB ((C): in breakfast cereals and (D): in breakfast cereals with semi-skimmed
milk), and STG ((E): in breakfast cereals and (F): in breakfast cereals with semi-skimmed milk)
transferred to the receiver compartment over 180 min across monolayers of Caco-2/HT-29MTX in the
apical — basolateral direction when transported isolated (blue squares and lines) or in mixture
(red squares and lines). Data expressed as mean £ SD of 3 independent experiments (n = 3).
AFBl—aflatoxin B1; ENNB—Enniatin B; MIX—mixture of the three mycotoxins; STG—sterigmatocystin.
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AFBL1 exhibited an almost linear transfer to the receiver compartment (transport
percentages similar to theoretical values until 60 min) when isolated in the breakfast cereal
matrix, resulting in high transport rates of around 87% (Figure 2A). When in a mixture,
the transport rate was much lower and in accordance with theoretical values, achieving
maximum percentages of around 7%. In contrast, in the presence of semi-skimmed milk,
AFB1 showed a linear and slower rate of transport, reaching 13% and 14%, when isolated
and in mixture, respectively, being in accordance with theoretical values (Figure 2B). This
implies that the addition of milk to the matrix and the combination with other mycotoxins
may reduce the intestinal transport of AFB1.

The ENNB transport profile remained consistent across all situations, following the
same trend regardless of the matrix or whether ENNB was isolated or in a mixture. ENNB
isolated demonstrated a similar trend, whether in breakfast cereal alone (Figure 2C) or with
semi-skimmed milk (Figure 2D); the same trend was verified when ENNB was in mixture,
achieving maximum percentages of transport around 80 and 72% when isolated and lower
ones, around 53 and 62%, when combined. This decrease in transport percentage suggests
that combination with other mycotoxins may hinder the intestinal transport of ENNB, as
verified already for AFB1.

In the case of STG, the transport rate showed linearity in the breakfast cereal with
semi-skimmed milk, rapidly transferred to the receiver compartment whether transported
in isolation or in a mixture, resulting in very high transport percentages (92 and 96%,
respectively), and only displaying values similar to theoretical transport up to 60 min
(Figure 2F). When absorption occurred only in the breakfast cereal matrix (Figure 2E), a
slower rate was observed until 120 min, followed by a more rapid transport until 180
min, achieving maximum transport percentages of 38 and 28%, whether isolated or in a
mixture, respectively. This suggests that the addition of milk to the matrix may increase the
intestinal transport of STG, when the molecule is not in the presence of AFB1 and ENNB.

The absorption of mycotoxins in the intestine is a complex process influenced by
several factors, including the type of molecule, the presence of other substances, and the
physiological conditions. When mycotoxins are present in a mixture, several mechanisms
may contribute to a decrease in their intestinal absorption. As mentioned before, the food
matrix can affect their absorption, due to the presence of other food components, such as
fats, carbohydrates, proteins, fibers, and various other nutrients, that may influence the
solubility and absorption of mycotoxins. Moreover, different mycotoxins may compete
for the same transporters or binding sites in the intestine. If these binding sites become
saturated with one mycotoxin, it may reduce the absorption of others, leading to a lower
overall absorption rate [38].

In addition to detailing the mycotoxin transport over time, we calculated the apparent
permeability (Papp) to provide a precise estimation of mycotoxin intestinal absorption. As
shown in Figure 2, overall, all mycotoxins exhibited rapid initial absorption, followed
by a reduction. This suggests that during the assay, sink conditions were not always
adequately confirmed, deviating from a linear fit of mycotoxin content [39]. Consequently,
permeability values were computed for non-sink conditions using the equation outlined
in Section 4.6 [39,40]. According to Tavelin et al., 2002, P,pp, values obtained under this
condition align more closely with the actual permeability coefficients of epithelial cell
monolayers in vivo. In Table 2, we present the calculated P,pp values derived from the
curves depicting the transport of mycotoxins, as illustrated in Figure 2.
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Table 2. Apparent permeabilities (x107% cm/s) of AFB1, ENNB, and STG isolated and in mixture
in the apical — basolateral direction. MB (%) shows the mass balance recoveries of transport
experiments and the calculated human fraction absorbed (FA %) for each mycotoxin.

Papp (x1076 cm/s) MB (%) FA (%)

AFB1 Isolated 944+ 0.1 156 £+ 16 98.8 *

Mix 3.31£1.10 28.3+£2.0 66.1*

Breakfast cereal ENNB Isolated 83.2 £ 0.0 145 £+ 20 98.6
Mix 78.6 £ 0.0 99.6 £2.0 98.5

STG Isolated 37.6 £0.0 72.6 £19 96.7

Mix 254 +0.0 58.7 £ 3.6 94.9

AFB1 Isolated 7.35 £ 0.00 292+14 82.6

Mix 8.18 £ 0.00 36.7 £ 2.6 84.2

Breakfast cereal ENNB Isolated 91.6 £ 0.0 131 £ 12 98.7
STG Isolated 81.2+0.2 172 £ 11 98.6

Mix 100.0 0.2 167 £18 98.9

Abbreviations: AFBl—aflatoxin B1; ENNB—enniatin B; STG—sterigmatocystin. Data expressed as mean 4 SD
(n = 3). * significant difference (p < 0.05) between isolated and mixed transport of mycotoxins.

Artursson et al., 2001 suggested that permeability coefficients exceeding 1 x 107 cm/s
indicate high permeability [41]. Therefore, the Papp values derived for mycotoxins imply
that AFB1, ENNB, and STG were effectively absorbed in Caco-2/HT-29MTX cells, whether
individually or in combination. AFB1 exhibits the highest apparent permeability value in
the breakfast cereal matrix when isolated, followed by ENNB and finally STG. However, in
the cereals with milk, AFB1 shows the lowest apparent permeability value, with ENNB
having the highest. Regarding the permeability values when mycotoxins are in a mixture,
in cereal matrix, ENNB demonstrates the highest value, while AFB1 has the lowest result.
Overall, the simultaneous transport of mycotoxins led to a significant decrease in the Papp,
with the exception of STG in breakfast cereal with semi-skimmed milk matrix (Table 2).

Our results indicate differences in the Papp of mycotoxins between the two matrices.
The presence of milk alongside breakfast cereals demonstrated a notable impact on the
absorption kinetics. This finding suggests that the matrix composition plays a crucial role in
modulating mycotoxin bioavailability, and the inclusion of milk can be a contributing factor.
The observed variations in P,pp values between the breakfast cereal only and breakfast
cereal with milk matrices may be attributed to the complex interplay of components present
in milk, as stated above for bioaccessibility differences. Milk contains various bioactive
molecules, such as proteins, fats, and carbohydrates, which could potentially interact with
mycotoxins, affecting their transport across the intestinal barrier. The specific mechanisms
behind these interactions warrant further investigation to fully understand the dynamics
of mycotoxin absorption in the presence of milk.

Concerning the mass balance values in both matrices (i.e., the total mycotoxin recov-
ered from the apical and basolateral compartments at the final of the experiment divided
by the initial amount in the apical compartment), they varied between 28 and 156% for
breakfast cereals and 29 and 172% for breakfast cereals with semi-skimmed milk (Table 2).
These values, namely, the lower ones, could be due to some reasons, such as the myco-
toxin having been adsorbed to the experimental apparatus (such as the plastic of the well
plate, the insert device, or the membrane itself), the compound being held within the cells
or in the cell membranes, undergoing metabolic processes, compound precipitation, or
degradation during incubation [40,42].

The Caco-2 cell model is frequently employed for predicting the human fraction
absorbed (FA%), which is the fraction of a drug absorbed in humans following oral ad-
ministration [43]. This is achieved by establishing correlations between the apparent
permeabilities in the apical-to-basolateral (AB) direction across Caco-2 cell monolayers of
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molecules and the experimental human fraction absorbed data. The outcome is a sigmoidal
relationship between the human fraction absorbed and the logarithm of the apparent
permeability (log Papp) of molecules [42]. Therefore, by establishing this correlation, the
in vitro permeability of a compound in Caco-2 cells can serve as a predictive measure for
human absorption. Besides being validated by in vivo comparison using several drugs, FA%
values are deemed more intuitive than Papp, values when comprehending the intestinal
absorption of compounds, providing the added advantage of categorizing permeability
into low (0-20%), medium (20-80%), and high (80-100%) absorption. Figure 3 illustrates
the FA% of each of the assayed conditions in both matrices under study, showcasing their
position on the sigmoidal curve based on their percentage of absorption. AFB1 exhibits
the highest FA% when isolated, with a percentage of 98.8% in breakfast cereal but a lower
value of 82.6% in breakfast cereal with milk. Following this, ENNB demonstrates FA%
values of 98.6% and 98.7% (breakfast cereal and breakfast cereal with milk, respectively),
while STG ranges between 96.7% (breakfast cereal) and 98.5% (breakfast cereal with milk).
Concerning the transport of mycotoxins in a mixture, STG attains the highest FA% value
of 98.9% in breakfast cereal with milk, slightly lower at 94.9% in breakfast cereal alone.
ENNB follows with values of 98.5% (breakfast cereal) and 98.4% (breakfast cereal with
milk), and AFB1 exhibits percentages of 66.1% and 84.2%, respectively. Consequently, all
mycotoxins are categorized as highly absorbed, whether isolated or in a mixture, in both
matrices under study. The only exception is AFB1 in the mixture within the breakfast cereal
matrix, showing a medium level of absorption (Figure 3). This can lead us to the conclu-
sion that overall, the effect of the milk matrix did not influence the final correspondent
predicted FA% in humans, being, overall, all the analyzed molecules highly absorbed in
the gastrointestinal tract. On the other side, the presence of other mycotoxins did have
an impact in AFB1 absorption, leading to a relevant decrease in absorption from high to
medium. Extrapolating Papp values to FA% revealed that only substantial differences in
Papp values significantly impact a compound’s in vivo absorption.
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Figure 3. AFB1, ENNB, and STG—isolated and in mixture, in breakfast cereals and breakfast
cereals with semi-skimmed milk—positions in the sigmoidal curve according to their FA%—high
(red), medium (orange), and low (green) absorption. The sigmoidal curve was built according to
(Skolnik et al., 2010 [42]). Data expressed as mean £ SD of 3 independent experiments (n = 3).
AFBl—aflatoxin B1; ENNB—enniatin B; and STG—sterigmatocystin.
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Transport mechanisms across absorptive epithelia can manifest through various routes,
including passive pathways such as transcellular and/or paracellular transport, active
transcellular transport mediated by transporters, or transcytosis [38,39]. Mycotoxins are ab-
sorbed through the small intestine primarily via passive diffusion, exhibiting a remarkably
high absorption rate [44]. The available data (in vivo rat whole small intestine) indicate that
nearly total absorption of AFB1 can occur within the intestinal tract [45]. Nevertheless,
there is a lack of existing literature on the intestinal absorption of AFB1, ENNB, and STG in
Caco-2/HT29MTX cell co-cultures and in the presence of the digested food matrix. Only
one study has been conducted, focusing on the impact of AFB1 metabolite (AFM1) in these
co-cultures [27], and one study in vitro using Caco-2 cells for AFB1 [46]; however, numer-
ous studies have been dedicated to utilizing Caco-2 cells for assessing the absorption and
toxicity of other crucial mycotoxins like trichothecenes and zearalenone [47-49]. Therefore,
this study is highly significant as it aims to contribute with more data, enabling a more
precise determination of risk assessment.

When simultaneously considering values of both intestinal bioaccessibility and pre-
dicted fraction absorbed, in percentage, data show (Figure 4) that the inclusion of milk
imparts an overall decrease in bioaccessibility (all below 50%) and AFB1 appears as the
least absorbed (although still in high percentage, as stated above) with the exception of
the case in which it is ingested in the cereal matrix and as a single compound. Overall,
the effect of the inclusion of milk in the ingested matrix has more impact than substances
ingested as a mixture or single mycotoxin. When taken together the bioaccessibility and
FA%, which can be correlated with the final bioavailability, it can be verified that the most
bioaccessible and absorbed toxin is ENNB (ingested with cereals only) and that the least
bioavailable is AFB1 ingested cereals with milk.
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Figure 4. Graphical representation of samples’ bioaccessibility and fraction absorbed. AFB1: triangles;
ENNB: squares; STG: circles. Solid triangles, squares, and circles are related to mycotoxin mixture,
and empty triangles, squares, and circles are related to isolated mycotoxins. Blue color indicates
values from samples with breakfast cereals only and red with both cereals and milk. Data expressed
as mean (n = 3).

3. Conclusions

This study emphasizes the importance of examining the combined ingestion and trans-
port of mycotoxins to comprehensively understand their absorption and more accurately
assess human exposure. This is particularly crucial considering the frequent co-occurrence
and potential for simultaneous exposure to these toxins in breakfast cereals.
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The in vitro gastrointestinal method revealed varying patterns of bioaccessibility for
AFB1, ENNB, and STG in breakfast cereals, including those consumed with different milks
and soy beverages. An overall upward trend in mycotoxin bioaccessibility was observed
from the gastric to intestinal stages, except for ENNB, which showed variable behavior
depending on the milk type. The overall bioaccessibility ranking, from highest to lowest,
was digested breakfast cereal, breakfast cereal with semi-skimmed milk, breakfast cereal
with lactose-free milk, and breakfast cereal with soy beverage. Bioaccessibility percentages
varied widely across all samples and conditions, with AFB1 ranging from 3.1% to 86.2%,
STG from 1.5% to 59.3%, and ENNB from 0.6% to 98.2%. Interestingly, ENNB displayed the
highest bioaccessibility values, regardless of whether it was present alone or in combination.

Regarding intestinal transport, ENNB and STG exhibited the highest absorption
rates when present together in a mixture, irrespective of the matrix. When isolated, their
absorption rates were even higher, particularly in the breakfast cereal with milk matrix.
Notably, AFB1 demonstrated the highest absorption rate within the isolated breakfast
cereal matrix.

This study’s findings are significant because they provide novel insights into the
bioaccessibility and intestinal absorption of mycotoxins in breakfast cereals. It uniquely
considered both bioaccessibility and intestinal transport simultaneously within a real-world
food matrix, mimicking realistic consumption scenarios. This information can be used to
develop strategies for mitigating mycotoxin exposure risk in children. For instance, parents
could be advised to choose cereals with milk, potentially reducing exposure, particularly to
the highly toxic and prevalent AFB1.

4. Materials and Methods
4.1. Reagents and Materials

AFB1 (10 mg, >98% purity) was purchased from LGC (Teddington, Middlesex, UK).
ENNB (1 mg, >95% purity), porcine x-amylase, pepsin, and bile and pancreatin ex-
tracts were all purchased from Sigma-Aldrich corp. (St. Louis, MO, USA). STG (1 mg,
>98% purity) was purchased from BioViotica (Liestal, Switzerland). Acetonitrile (ACN),
methanol (MeOH), and acetic and formic acids of high-performance liquid chromatog-
raphy (HPLC) grade, as well as ammonium acetate (P.A.), were obtained from Merck
(Darmstadt, Germany). Anhydrous magnesium sulphate (MgSO4) and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich and sodium chloride (NaCl) from
VWR (Sttibrna Skalice, Czech Republic); both were calcinated at 500 °C for 5 h before use.
Ultrapure water, purified with a “Seral” system (SeralPur Pro 90 CN), was used. MTT
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) and dimethyl sulfoxide
(DMSO) were purchased from Duchefa Biochemie (Haarlem, The Netherlands). Fetal
bovine serum (FBS), 0.25% trypsin solution, minimum essential medium non-essential
amino acids (MEM NEAA) 100 x, GlutaMAX™ 100, and penicillin/streptomycin 100 x
solution (10,000 Units mL.~! /10 mg mL ™) were all purchased from Gibco/Life technology
corporation (Paisley, UK). High-glucose Dulbecco’s modified Eagle’s medium (DMEM)
and Hanks Balanced Salt Solution (HBSS) were purchased from Biowest (Nuaillé, France).
Syringe filters (PES, 0.22 um and 0.45 um pore) were purchased from TPP (Zollstarsse,
Switzerland). Transwell inserts and plates (PS/PET membrane, 24 mm diameter, 0.4 pm
pore size) for the transport assay were obtained from cellQART (Northeim, Germany).
Standard stock solutions of each mycotoxin at 10 and 100 mg/L were prepared by diluting
them in methanol for LC-MS/MS validation purposes and spiking of samples, respectively.
Stock internal solutions of OTA-d5 (500 mg/L) and *C15-STG (25 mg/L) were prepared in
DMSO and ACN, respectively. All standard solutions were stored at —18 °C.

4.2. Cell Culture

Human-derived intestinal cells Caco-2 and HT-29MTX were kindly provided by the
Fisico-Quimica Molecular group from University of Coimbra and from Faculty of Sciences
University of Porto, respectively.
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Cells were grown in 75 cm? flasks, at 37 °C with 5% CO,, in complete medium
(CM) with the following composition [22]: DMEM with 10% heat inactivate FBS, 1% peni-
cillin/streptomycin, 1% non-essential amino acids (NEAA), and 1% glutamax. Cytotoxicity
and permeability assays were performed under passages 73-76 and 7477 for HT-29MTX
and Caco-2 cells, respectively.

4.3. Spiking Samples

Before digestion, 16 uL of a 100 mg/L solution of each mycotoxin (400 ng/L), AFB1,
ENNB, and STG, was used to spike 4 g of breakfast cereal homogeneously and left to
incubate for 15 min at room temperature. Then, 16.67 mL of the different milks (semi-
skimmed, semi-skimmed lactose free, and soy vegetable drink) was added. Each mixture
was performed in triplicate (5 g each). The assay with only breakfast cereals (5 g) was
spiked with 20 pL of a 100 mg/L solution of each mycotoxin (400 pg/L), homogeneously,
and left to incubate during 15 min at room temperature.

The nutritional compositions of the previously mentioned breakfast cereal, milk, and
soy beverage samples are presented in Table 3.

Table 3. Nutritional properties of the breakfast cereal, milks, and soy beverage used for in vitro
digestion (as reported in nutritional labels).

Breakfast Cereal Sample Fat Fiber Protein Carbohydrates
(g/100 g) (g/100 g) (g/100 g) (g/100 g)
Breakfast cereal with corn
balls with organic honey 06 30 55 820
Beverages samples (g/100 mL) (g/100 mL) (g/100 mL) (g/100 mL)
Semi-skimmed milk 1.6 - 3.4 49
Semi-skimmed
lactose-free milk 16 ) 3.3 4.9
Soy beverage 1.8 0.5 3.0 2.5

4.4. In Vitro Digestion

The in vitro digestion procedure was performed according to the internationally stan-
dardized method described by INFOGEST 2.0 [50]. Briefly, 5 g of sample (breakfast cereals
and breakfast cereals with milk (semi-skimmed, semi-skimmed lactose-free, and soy veg-
etable drink)) was mixed with 4 mL of simulated salivary fluid (SSF), 0.5 mL of x-amylase
solution at 6.04 U/mg in water, 25 uL 0.3 M CaCl, solution, and 475 pL water. After 2 min
incubation, the mixture was mixed with 8 mL of simulated gastric fluid (SGF), 5 uL 0.3 M
CaCly, 35 pL (in the case of breakfast cereals samples) or 88 puL (in the case of breakfast
cereals with milks) of 6 M HCI to adjust to pH = 3, 1.460 mL (in the case of breakfast cereals
samples) or 1.407 mL (in the case of breakfast cereals with milks) of water, and 0.5 mL
of pepsin (2668.2 U/mg). The gastric mixture was then incubated at 37 °C for 120 min
in an orbital shaker—incubator (ES-20, BioSan, Riga, Latvia) with integrated horizontal
shaker at 250 rpm. Then, the gastric chime (10 mL) was mixed with 4.25 mL of simulated
intestinal fluid (SIF) solution, 20 nuL 0.3 M CaCl,, 40 uL (in the case of breakfast cereals
samples) or 75 pL (in the case of breakfast cereals with milks) of 1 M NaOH to adjust the
pH to 7.0, 1.940 mL (in the case of breakfast cereals samples) or 1.905 mL (in the case of
breakfast cereals with milks) of water, 2.5 mL of pancreatin solution (4.7 U/mg based on
trypsin activity), and 1.25 mL of bile solution (2.151 mmol/g). All digestions were made
in triplicates plus one blank sample used to adjust the pH and used as a matrix for the
LC-MS/MS calibration assays as well as for transport assays. After digestion, the samples
were immediately centrifuged at 3000x g for 5 min to obtain the bioaccessible fraction
(supernatant). Supernatants were then frozen at —20 °C until further analysis.
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4.5. Cytotoxic Assay

The MTT assay was conducted to assess the impact on cell viability to the tested
toxicants prepared in control bioaccessible fractions from in vitro digestion after suffering
a heat treatment at 98 °C for 5 min then filtered throughout 0.45 and 0.22 um filters and
diluted with HBSS. Proliferating Caco-2 (45,000 cells/mL) and HT-29MTX (5000 cells/mL)
were seeded in 96-well plates (TPP; Trasadingen, Switzerland), allowing one week for cell
adherence at 37 °C, 5% CO,, and then exposed to mycotoxins at the concentrations used
for transport assay: 0.31 uM (ENNB), 0.62 uM (STG), and 0.64 uM (AFB1) for 3 h. Cells
treated with CM alone, and with HBSS, were used as a control on cell viability during the
experiments. The medium was removed, after 180 min of exposure, and 100 puL of freshly
prepared MTT solution (0.5 mg/mL) was added to each well and the plates placed in the
incubator at 37 °C, 5% CO, for 20 min, and after that was added to each well 100 uL of
DMSO and let the plates rest for another 30 min before absorbance reading at 570 nm using
an absorbance plate reader (SPECTROstar Nano, BMG Labtech, Offenburg, Germany).
Results were expressed as % of cell viability.

4.6. Transport Assay

Caco-2/HT-29MTX co-culture [22] cells were seeded at a density of 1 x 10° cells/cm?
(ratio 90:10, Caco-2/HT-29MTX) in 24 mm 6-well Transwell inserts with a pore size of
0.4 pm and a growth area of 4.5 cm? (cellQART®, Northeim, Germany—ref.: 9300404).
Tests were carried out with 2.5 mL in the basolateral compartment and 1.5 mL in the apical
compartment. During the differentiation process, the culture medium was changed every
two days, and the cells were used for the transport assay on the 26th day after seeding. For
the transport experiments, the culture medium of the Caco-2/HT-29MTX co-culture cells
was replaced with HBSS containing 0.5% (w/v) BSA in the basolateral compartment. BSA
was added to minimizing the binding of compounds to the plastic surfaces [40].

Mycotoxins at the initial concentrations of 0.31 uM (ENNB), 0.62 uM (STG), and
0.64 uM (AFB1) (200 pg/L each) each were prepared in control bioaccessible fractions
(digested samples without mycotoxins) from in vitro digestion after suffering a heat-shock
treatment at 98 °C for 5 min, to inhibit the enzymes in order to maintain the cells’ viabil-
ity [51], then filtered through 0.45 and 0.22 pm filters, sequentially, diluted with HBSS 1:8,
and introduced in the apical compartments isolated or in mixture. At time points of 15,
30, 60, 120, and 180 min of absorption, 200 uL samples were taken from the basolateral
compartments, and the same volume (200 pL) of HBSS was added to maintain the volume.
The concentration of mycotoxins used for the absorption assay was selected to allow for
the quantification of mycotoxins at all stages of the transport assay. The trans-epithelial
electrical resistance (TEER) values were measured at 37 °C using a Millicell ERS-2 Voltohm-
meter (Merck Millipore, Darmstadt, Germany) at the beginning and end of the experiment
after washing the cell monolayer with HBSS to assess barrier integrity. The resistance was
expressed in Qcm?, calculated by multiplying the cell monolayer resistance (Q)) by the filter
area (cm?). All transport assays were conducted in triplicate.

The assessment of mycotoxin intestinal permeability involved measuring transport
rates across Caco-2/HT-29MTX cell monolayers, as outlined in previous studies [40]. The
permeability coefficient (Papp) in the apical — basolateral direction was determined using
the following equation, specifically designed for experiments conducted under non-sink
conditions [39,40]:

M

1 1
Cr(t) = o + (Crio) — o |e TPPAD i)t
r(Y Vp + Vg < R(0) VD+VR>
In this context, Cr(t) represents the mycotoxin concentration in the receiver compart-
ment over time, M denotes the total mycotoxin amount within the system, Vp and Vg
stand for the volumes of the donor and receiver compartments, respectively. Crg signifies
the initial concentration of the mycotoxin in the receiver compartment at the onset of

the time interval, A represents the surface area of the filter, and t signifies the elapsed
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time from the commencement of the interval. The permeability coefficient (Papp) was
derived through non-linear regression [39]. The mass balance was calculated through the
following equation:

[(VR X CR(final)) + (VD X CD(ﬁnal))}
Vbo) % Cp(o)

Mass balance (%) = x 100

Cr and Cp represent concentrations on the receiver (R) and donor (D) sides of the
monolayer at the experiment’s onset (0) and conclusion (final), with V denoting the respec-
tive volumes. The apical-to-basolateral permeability (P,pp) data obtained from Caco-2/HT-
29MTX cells were employed to calculate the human fraction absorbed, FA (%), using the
non-linear regression model outlined by Skolnik et al., 2010 [42].

100
1 + el(=5.74—PappX)/0.39)

FA (%) =

In this context, 100 is defined as the sum of the minimum and maximum values of %
FA, restricted within the range of 1 to 100%. The log P,ppa—,p value at 50% absorption in
humans is represented as —5.74, while P,,px signifies the log Pappa-—sp for mycotoxins in
Caco-2/HT-29MTX cells, as determined in the current study. Additionally, 0.39 corresponds
to the slope derived from the model fit.

4.7. Mycotoxins Extraction and Cleanup

Bioaccessible and Bioavailable Fractions

Two hundred microliters (200 uL) of digested sample obtained as described in
Section 2.3 were transferred into a conical microtube and a fixed concentration of OTA-d5
(40 nug/L) was added. Thereafter, 200 uL acidified ACN with 5% formic acid (v/v) were
added along with 70 mg of MgSO,4 anhydrous salt and 10 mg of NaCl and the tube was
immediately vortexed for 10 s to prevent agglomeration of the salts. The tubes were then
centrifuged at 13,000 rpm for 5 min to induce phase separation and mycotoxins partitioning.
The organic phase was transferred to a 2 mL vial, evaporated to dryness under a stream of
nitrogen, and finally reconstituted in 150 pL of mobile phase B (Section 4.5) and analyzed
by LC-MS/MS. Each sample was injected three times.

4.8. Instrument and Analytical Conditions

MS/MS analysis was performed on a Quattro Micro triple quadrupole mass spectrom-
eter (Waters, Manchester, UK) interfaced with a high-performance liquid chromatography
(HPLC) system Waters Alliance 2695 (Waters, Milford). A Kinetex C18 2.6 um particle
size analytical column (150 x 4.6 mm) with pre-column from Phenomenex (Tecnocroma,
Portugal), maintained at 35 °C, was used for chromatographic separation. A gradient
elution was performed using a mobile phase (300 uL/min) constituted by a phase A
(water/methanol/acetic acid, 94:5:1 (v/v) and 5 mM ammonium acetate) and a phase
B (methanol/water/acetic acid, 98:2 (v/v) and 5 mM ammonium acetate). The solvent
gradient was as follows: 0-7.0 min, 95% A; 7.0-11.0 min, 35% A; 11.0-13.0 min, 25% A;
13.0-15.0 min, 0% A; 15.0-24.0 min 95% A; and 24.0-27.0 min, 95% A. MS/MS acquisi-
tion was operated in positive-ion mode with multiple reaction monitoring (MRM), the
collision gas was Argon 99.995% (Gasin, Lega da Palmeira, Portugal) with a pressure of
2.9 x 1073 mbar in the collision cell. Capillary voltages of 3.0 KV were used in the positive
ionization mode. Nitrogen was used as desolvation gas and cone gas being the flows of
350 and 60 L/h, respectively. The desolvation temperature was set to 350 °C and the source
temperature to 150 °C. Dwell times of 0.1 s/scan were selected. The data were collected
using the software program MassLynx 4.1. For each analyte, two transitions were selected
for identification, and the corresponding cone voltage and collision energy were optimized
for maximum intensity. The optimized MS/MS parameters for the target analytes are listed
in Table 4.
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Table 4. MS/MS parameters for each mycotoxin under study.

Mycotoxins Retention Time (min) MRM Transition (m/z) CV (V) CE (eV)
OIT (m/z) CIT (m/z) QIT CIT QIT CIT
AFB1 15.61 313>241.4 313 >285.3 47 47 36 23
OTA-d5 (IS1) 19.14 409 > 239 409 > 363 32 32 22 22
STG 20.19 325> 254 325 > 310 35 40 35 25
13C15-STG (1S2) 20.19 342.7 >297.4 342.7 > 326.7 24 24 28 28
ENNB 21.63 663 > 218 663 > 336 60 60 70 70

AFBl—aflatoxin B1; CE—collision energy; CIT—confirmation ion transition; CV—cone voltage; ENNB—enniatin B;
OTA-d5—ochratoxin d5; QIT—quantification ion transition; STG—sterigmatocystin; 3C g STG—13Cyg sterigmatocystin.

4.9. Method Validation and Quality Control

Linearity was assessed through matrix-matched calibration curves consisting of six
calibration points spanning the range from 25 to 400 pg/L (bioaccessibility assays) and
from 12.5 to 200 ug/L (bioavailability assays). Precision was evaluated by examining
repeatability (intraday precision) and reproducibility (interday precision) of a spiked
sample at three different concentration levels. This assessment was conducted using five
replicates (with two injections for each replicate) on each precision day.

The limit of detection (LOD) and limit of quantification (LOQ) were established by re-
peatedly analyzing chromatographic extracts of sample solutions spiked with
decreasing amounts of the analytes until signal-to-noise ratios of 3:1 and 10:1 were
achieved, respectively.

4.10. Statistical Analysis

XLSTAT for Windows 11 Pro version 23H2 (Addinsoft, Paris, France) was used for
statistical analysis. The normal distribution of variables was assessed through the Shapiro-
Wilk test. Mean comparisons were conducted using two-way ANOVA, with a significance
level of 5%. Data are presented as mean + SD from three independent experiments.
GraphPad Prism version 9.3.1 for Windows (Graphpad Software, La Jolla, CA, USA) was
employed to generate all graphs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins16050205/s1, Table S1: Regression equations and coefficients
of correlation (r) for the mycotoxins under study in bioaccessible fractions; Table S2: Recoveries
(%), repeatability and reproducibility (%CV), limits of detection (LOD), and quantification (LOQ) of
the analytical method used to determine the mycotoxins under study in the bioaccessible fractions
(gastric and intestinal) after in vitro digestion; Table S3: Regression equations and coefficients of
correlation (r) for the mycotoxins under study in transport assay.
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Abstract: Aflatoxin B1 (AFB1) induces lipid peroxidation and mortality in bovine foetal hepatocyte-
derived cells (BFH12), with underlying transcriptional perturbations associated mainly with cancer,
cellular damage, inflammation, bioactivation, and detoxification pathways. In this cell line, curcumin
and resveratrol have proven to be effective in mitigating AFB1-induced toxicity. In this paper, we
preliminarily assessed the potential anti-AFB1 activity of a natural polyphenol, quercetin (QUE), in
BFH12 cells. To this end, we primarily measured QUE cytotoxicity using a WST-1 reagent. Then,
we pre-treated the cells with QUE and exposed them to AFB1. The protective role of QUE was
evaluated by measuring cytotoxicity, transcriptional changes (RNA-sequencing), lipid peroxidation
(malondialdehyde production), and targeted post-transcriptional modifications (NQO1 and CYP3A
enzymatic activity). The results demonstrated that QUE, like curcumin and resveratrol, reduced AFB1-
induced cytotoxicity and lipid peroxidation and caused larger transcriptional variations than AFB1
alone. Most of the differentially expressed genes were involved in lipid homeostasis, inflammatory
and immune processes, and carcinogenesis. As for enzymatic activities, QUE significantly reverted
CYP3A variations induced by AFB1, but not those of NQO1. This study provides new knowledge
about key molecular mechanisms involved in QUE-mediated protection against AFB1 toxicity and
encourages in vivo studies to assess QUE’s bioavailability and beneficial effects on aflatoxicosis.

Keywords: aflatoxin B1; quercetin; lipid peroxidation; CYP3A; NQO1; bovine; hepatocyte cell

line; transcriptome

Key Contribution: Quercetin is effective in mitigating aflatoxin-mediated toxicity in a bovine foetal
hepatocyte-derived cell line. Transcriptional molecular mechanisms underlying quercetin-mediated
protection against aflatoxin B1 toxicity have been revealed.

1. Introduction

Mycotoxins are food and feed contaminants produced as secondary metabolites by a
few genera of filamentous fungi, eliciting toxic effects in humans and animals. Estimates
by the Food and Agricultural Organization (FAO) indicate that ~25% of global food and
feed products are contaminated with mycotoxins, with an estimated economic loss of USD
50 million every year [1,2]. However, the FAO estimates appear to fall short of reality [3].
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Global warming and climate change, such as an increase in temperature (2°-5°) and CO,
concentration (twice or thrice the expected value) as well as drought episodes, have been
predicted to affect the occurrence of mycotoxins in the years to come [4].

Mycotoxins that would benefit most from climate change are aflatoxins, a class of
natural mycotoxins produced by Aspergillus flavus and A. fumigatus [1,5]. According to
their fluorescence, aflatoxins are broadly classified into four classes: Bl, B2, G1, and
G2 [6]. Aflatoxins usually affect crops from tropical and/or subtropical areas and are
commonly found in mouldy corn, soybeans, rice, sorghum, dried figs, spices, hazelnuts,
peanuts, and other grain and oil crops [5,7-9]. It is believed that about 4.5 billion people
worldwide are at risk of excessive exposure to aflatoxins via contaminated food [7], but
until a few years ago, these mycotoxins were not considered a matter of concern in Europe.
However, due to global climate change, the presence of fungal strains endemic in tropical
or subtropical climate zones has increased in temperate ones. Therefore, the risk of food
and feed contamination and, consequently, of human and animal exposure to aflatoxins is
expected to become higher than in the past [1,5,10].

Aflatoxin B1 is the primary aflatoxin responsible for food and feed contamination [2],
and it is by far the most toxic aflatoxin [2,11]. It exhibits pleiotropic effects in several
human and animal tissues; it is immunotoxic, mutagenic, carcinogenic, and teratogenic.
The liver is the main target organ of aflatoxin B1. Exposure to aflatoxin Bl has been
linked to hepatic carcinogenesis in humans, poultry (e.g., turkey), fish (e.g., trout), and
rodents [12-15]. In particular, epidemiological surveys suggest that dietary aflatoxin B1
exposure contributes to the higher incidence of hepatocellular carcinoma (HCC) in Asia
and sub-Saharan Africa [16-18]. Additional risk factors are likely to increase the aflatoxin
Bl-dependent occurrence of HCC, such as hepatitis virus B (HVB) infection [16,19]. Based
on these different lines of epidemiological evidence, in 2012, the International Agency for
Research on Cancer (IARC) classified aflatoxin Bl and the other aflatoxins, including B1’s
major metabolite aflatoxin M1, as carcinogenic to humans (Group I) [10,20].

Aflatoxin B1 is not carcinogenic per se; it is a pro-carcinogen, as it undergoes a bioacti-
vation reaction in the human liver, resulting in the formation of the ultimate carcinogen
aflatoxin B1-8,9-epoxide and a number of hydroxylated derivatives [10-12]. It is worth
mentioning that the cytochromes P450 1A1 and 3A4 (CYP1A1 and CYP3A4, respectively)
are phase I drug-metabolizing enzymes playing a critical role in aflatoxin B1 metabolism
in human, duck, turkey, and cattle livers [11,21]. Apart from aflatoxin B1 epoxide, the
most toxic and carcinogenic aflatoxin derivative is aflatoxin M1. This hydroxylated deriva-
tive, together with aflatoxin B1 and variable amounts of aflatoxicol, can be found in the
milk and cheese from mycotoxin-exposed dairy cows. Of the farming species, cattle are
relatively more resistant to aflatoxins because of the capability of rumen microbiota to
convert aflatoxin Bl into less toxic or nontoxic derivatives [22,23]. Nevertheless, dairy
milk contamination with aflatoxins remains a serious food safety concern, as it might pose
severe health risks to humans consuming dairy food products in general and to susceptible
population groups [10,24,25]. To cope with this health concern, approaches focused pri-
marily on limiting aflatoxin B1 absorption and preventing aflatoxin excretion in dairy milk
have been adopted, but they are only partially successful [25].

Promising strategies reducing the impact of aflatoxins in cattle farming are those
that make use of phytochemical derivatives, such as polyphenols, with strong antioxidant
activity [8]. Indeed, besides the aforementioned toxic effects, aflatoxin B1-dependent hepa-
totoxicity is closely related to the mycotoxin’s capability to generate reactive oxygen species
(ROS), resulting in cellular oxidative stress and its well-known consequences (e.g., oxida-
tive DNA damage and membrane lipid peroxidation) [9,16,26]. Overall, these botanical
extracts can reduce oxidative damage in the body by increasing the activity of antioxidant
enzymes and scavenging free radicals [27]. Moreover, natural antioxidants can take ad-
vantage of more pathways and molecular targets. Finally, they are less toxic and have
fewer side effects [9]. Therefore, some of these plant-based compounds are increasingly
used to prevent aflatoxin B1 formation in toxigenic moulds and to detoxify aflatoxin B1-
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contaminated food and feed without any deleterious effects on their nutritional value [8,28].
Curcumin, resveratrol, oxidized tea phenolics, and flavonoids such as quercetin are among
the most studied anti-aflatoxin polyphenols [8]. To assess the effectiveness and feasibility of
these dietary polyphenols in preventing or mitigating aflatoxin B1 contamination of dairy
milk, conducting mechanism-based studies in bovine target tissues in vitro and in vivo is a
fundamental starting point [9,29].

The aim of the present study was to assess the protective role of quercetin (QUE) in a
bovine foetal hepatocyte-derived cell line (BFH12) exposed to aflatoxin B1. To this end, we
measured the effects triggered by QUE on aflatoxin Bl-induced cytotoxicity and related
transcriptional changes (RNA-sequencing). Confirmatory studies on protein expression
and biological activity were also performed. This is part of a series of in vitro and in vivo
studies aimed at measuring the biological effects of polyphenols on the toxicity of aflatoxin
B1 (AFB1) and its derivatives in dairy cows [24,29-32].

2. Results
2.1. Quercetin’s Half-Maximal Inhibitory Concentration and Ability to Counteract AFB1 Cytotoxicity

Bovine cells were incubated with increasing concentrations of QUE to build up a dose—
response curve (Figure S1). The fitting of the data was not excellent (R squared = 0.68),
but some sigmoidal trend was observed, thus allowing for the estimation of the QUE
half-maximal inhibitory concentration (ICsp) at 64 h, which turned out to be 59.97 uM.

Afterwards, we assayed the protective role of QUE against AFB1 cytotoxicity. At
the tested sub-cytotoxic concentrations, QUE reduced the AFB1 cytotoxicity in a dose-
dependent manner. The decrease was statistically significant (p < 0.01) with 20 and 30 uM
QUE, and the highest QUE concentration reduced the median AFB1 cytotoxicity by 13.39%
(from 86.00% to 72.61%,; Figure 1).
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Figure 1. Effect of quercetin on AFB1 cytotoxicity. The box and whiskers plot reports the viability of
bovine foetal hepatocyte (BFH12) cells pre-treated (16 h) with increasing QUE concentrations (10, 20,
and 30 M) and exposed (48 h) to a combination of AFB1 3.6 uM and QUE (at the same concentrations
above mentioned). **: p < 0.01 (ANOVA one-way and Dunnett’s multicomparisons tests; the mean
of each condition was compared with that of AFB1). Graphs were obtained using GraphPad prism
software. AFB1 = aflatoxin B1; QUE = quercetin.
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2.2. Effect of QUE on AFB1 Biotransformation in BFH12 Cells

Quercetin significantly decreased the amount of aflatoxin M1 (AFM1) in the cellular
medium in a dose-dependent manner. In particular, the AFM1 concentration dropped from
57.00ng/mL (i.e., 0.174 uM) to 0.5 ng/mL (0.002 uM; Figure 2). As for AFL, cells exposed to
AFB1 + 10 uM QUE showed significantly higher amounts of this AFB1 derivative, i.e., from
85.5 ng/mL (0.272 uM) to 142.5 ng/mL (0.453 uM). However, at medium and maximum
QUE concentrations, the amount of aflatoxicol (AFL) was similar to the amount detected in
the presence of AFB1 alone (Figure S2a).
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Figure 2. Effect of quercetin on AFB1 biotransformation. Bars represent the amount (M) of aflatoxin
M1 (AFM1) detected in the cellular medium after 48 h of exposure to 3.6 uM AFB1 alone or in
combination with increasing QUE concentrations (10, 20, and 30 uM). Data are expressed as mean
concentrations + standard deviations of four independent cell culture experiments. Different letters
above error bars indicate significant differences (p < 0.05) among groups (Tukey’s post hoc test).
Graphs were obtained using GraphPad prism software.

Detectable amounts of AFM1 and AFL have never been found in cell pellets; however,
the incubation with increasing QUE concentrations led to an increase in AFB1 concentration,
i.e., from 9.79 ng/mL (0.031 uM) to 47.50 ng/mL (0.152 uM), but these variations were not
statistically significant (Figure S2b).

2.3. Effects of QUE, Alone or in the Presence of AFB1, on Selected AFB1 Target Genes (qPCR)
2.3.1. Drug Metabolizing Enzymes (DMEs)

The incubation with increasing amounts of QUE downregulated the expression of
glutathione S-transferase A1 (GSTA1) (Figure 3a).

In cells pre-treated with QUE and then exposed to AFB1, substantial transcriptional
changes were recorded at the highest QUE concentrations (20 and 30 uM). An overall
significant gene upregulation was observed for CYP1A1, CYP1B1, and GSTA1. The most
significant variations were observed for the expression of CYP3A28, the bovine orthologue
of human CYP3A4 [33]. A significant and dose-dependent fold change decrease was
observed with 20 and 30 uM QUE (Figure 3a).
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Figure 3. Quercetin-induced changes in mRNA levels of oxidative (phase I) and conjugative (II) drug
metabolizing enzymes (DMEs, (a)), antioxidant enzymes (AOEs, (b)) and related transcription factors
(TF, (c)). The one-way ANOVA, followed by a Dunnett’s multi-comparisons test, was carried out
to compare the gene expression level of BFH12 cells exposed to increasing concentrations of QUE (10,
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20, and 30 uM; the lowest dose was used as control in the comparisons); significant variations were
identified by red asterisks. The same statistical approach was adopted to separately investigate
the effects of QUE pre-treatment in the presence of AFB1 3.6 uM: all the co-treatment conditions
were compared to the AFB1 condition; significant variations were identified by black asterisks. Data
(means =+ standard deviations) are expressed as n-fold changes normalized to AACt mean value of
control (i.e., polychlorinated biphenyls 126, PCB126) to whom an arbitrary value of 1 was assigned.
*:p <0.05;**: p <0.01 (ANOVA one-way and Dunnett’s multicomparisons test). Graphs were obtained
using GraphPad prism software. AHR = aryl hydrocarbon receptor; AHRR = aryl hydrocarbon recep-
tor repressor; ARNT = aryl hydrocarbon receptor nuclear translocator; CAT = catalase; CTRL = control;
CYP1A1l = cytochrome P450 1A1; CYP1B1 = cytochrome P450 1B1; CYP3A28 = cytochrome P450
3A28; DMEs = drug metabolizing enzymes; GPX = glutathione peroxidase I; GSTA1 = glutathione
S-transferase Al; KEAP = kelch like ECH associated protein 1, NQO1 = NAD(H):quinone oxidore-
ductase 1; NRF2 = nuclear factor erythroid 2-related factor 2; SOD1 = superoxide dismutase 1;
SOD2 = superoxide dismutase 2.

2.3.2. Antioxidant Enzymes (AOEs)

The pre-incubation with the chosen QUE concentrations did not result in statistically
significant variations in mRNA levels of the most important AOEs (Figure 3b).

In cells co-exposed to AFB1 and QUE, as compared to cells exposed to AFB1 alone,
significant transcriptional changes were observed only with 20 and 30 pM QUE: superoxide
dismutase 1 (SOD1) and quinone oxidoreductase 1 (NQO1) genes were upregulated, while
SOD2 was significantly and dose-dependently downregulated (Figure 3b).

2.3.3. Transcription Factors (TFs)

Genes coding for DMEs and AOEs recognize a number of TFs involved in their
transcriptional mechanisms of gene regulation and play an important role in AFB1 toxic-
ity [34,35]. No statistically significant variations in the mRNA of target TFs were observed
in cells pre-incubated with either QUE alone or QUE in combination with AFB1, with the
sole exception of the aryl hydrocarbon receptor repressor (AHRR), showing a slight but
significant induction in cells pre-treated with 30 tM QUE (Figure 3c).

2.4. Differential Expression Analysis

To obtain clear transcriptional results, RNA-sequencing (RNA-seq) investigations
were carried out only in cells treated with the highest QUE concentration (30 uM).

A total of 296,495,475 raw reads were sequenced and deposited in GeneBank under
BioProject accession PRJNA627332. These reads were subjected to quality control measures,
and after trimming and rRNA removal, 24.5 million reads per sample were retained on
average. Approximately 99% of the obtained reads were mapped to the B. taurus reference
genome (Table S1). The MDS plot in Figure S3 shows an unsupervised clustering of the
samples. The first dimension (x-axis) clearly separates samples based on the experimental
group. Major differences were observed between cells exposed to AFB1 (bottom right)
and control cells (bottom left). Both the first and the second dimension (y-axis) separate
the transcriptional profiles observed in cells exposed to QUE (alone or in combination
with AFB1), thus forming a unique cluster in the plot (top centre). Biological variability
within experimental groups is low, as demonstrated by the coherent clusters formed by
the replicas.

When comparing the transcriptional profiles of cells exposed to QUE and those of
control cells, a total of 1028 differentially expressed genes (DEGs) were found: 487 were
upregulated, and 541 were downregulated (Figure S4). The edgeR output of the DE
analysis conducted in this study is reported in Table S2. Among the top 10 upregulated
genes (Figure 4a), we found QUE transporter solute carrier family 2 member 1 (SLC2A1,
also known as GLUT1), with a log; fold change (lfc) of 4.72; players in inflammatory
processes, cell proliferation, and survival, such as tumour necrosis factor superfamily
member 9 (TNFRSF9, 1fc = 5.13); high-mobility group at-hook 1 (HMGA1, lfc = 3.34);
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secreted phosphoprotein 1 (SPP1, also known as osteopontin; Ifc = 3.82); and the MAP BZIP
transcription factor (MAFF, lfc = 2.37), a gene coding for a small Maf protein and involved in
the cellular stress response. Additionally, QUE significantly increased the expression of two
enzymes involved in lipid metabolism, i.e., stearoyl-CoA desaturase (SCD, lfc = 3.22) and
fatty acid synthase (FASN, Ifc = 2.89). Among the top 10 downregulated genes, we found
a gene coding for an acute phase protein, pentraxin 3 (PTX3, lfc = —5.42), and two genes
implicated in carcinogenic processes, i.e., olfactomedin-like 2B (OLFML2B, lfc = —3.22) and
elastin microfibril interfacer 2 (EMILIN2, lfc = —3.33).
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Figure 4. Gene expression levels of differentially expressed genes. Heatmap of top 10 genes up- and
downregulated by QUE (vs. CTRL) (a) and QUE + AFB1 co-treatment (vs. AFB1) (b). Heatmaps were
constructed in R environment using the pheatmap package and using the normalized log10CPM
(Counts Per Million) as input. Biological replicates are represented by r1, r2, and 3 suffixes.

The enrichment analysis, carried out following a more comprehensive analysis of DEGs,
resulted in the significant enrichment of 19 Biological Processes (BPs) and 17 Kyoto Ency-
clopaedia of Genes and Genomes (KEGGs) (Table S3, Figure S5). Among the significant BPs,
there was a “steroid metabolic process” (gene count = 16), represented by genes involved
in the metabolism of steroids and other substrates (e.g., fatty acids, prostaglandins, and
xenobiotics), such as hydroxysteroid dehydrogenases HSD 3B1 (lfc = 2.54) and HSD17B12
(Ifc = 1.95), and key transcription factors in the regulation of cholesterol metabolism, such as
SCARBL. Several genes belonging to this enriched BP are involved in regulating cholesterol
biosynthesis, including sterol regulatory element-binding transcription factor 2 (SREBF2;
lfc = 1.56), HMG-CoA reductase (HMGCR; lfc = 2.62), low-density lipoprotein receptor
(LDLR; Ifc = 3.24), and 7-dehydrocholesterol reductase (DHCR?7; lfc = 2.39).

An additional significantly enriched BP was “response to external stimulus” (gene
count = 47). This BP was represented by both up- and downregulated genes. With regard
to genes induced by QUE, we highlight prostaglandin-endoperoxide synthase 2 (PTGS2;
lfc = 2.82), a member of the Forkhead box (FOXAS3; lfc = 2.19), glutathione peroxidase 1
(GPX1; lfc = 1.51), and adrenoceptor beta 2 (ADRB2; lfc = 2.77). With regard to genes
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downregulated by QUE, we found complement factors C2 (Ifc = —2.41) and H (CFH,
lfc = —4.78), C-X-C motif chemokine ligands 9, 10, and 11 (Ifc = —4.57, —4.15, —5.16,
respectively), fatty acid-binding protein 4 (FABP4; lfc = —4.37), and the CD36 molecule
(Ifc = —2.15).

Like “response to external stimulus”, the BP term “response to wounding” (gene
count = 13) was also significantly enriched. This BP was represented by some DEGs
already listed in the “response to stimulus” BP and some additional genes, such as von
Willebrand factor (VWF; Ifc = 2.73) and claudin 1 (CLDN1; Ifc = 1.88).

Finally, an interesting enriched BP was “inflammatory response” (gene count = 18),
with several genes shared with the “response to external stimulus” BP and some additional
ones, such as prostaglandin-endoperoxide synthase 1 (PTGS1; Ifc = —2.30).

Enriched KEGGs provided further insights into the molecular changes triggered by
QUE. Interestingly, some KEGGs related to immunity were significantly enriched, such
as “neutrophil extracellular trap formation” (gene count = 26) and “complement and
coagulation cascades” (gene count = 10). With regard to complement factors, while C2 and
CFH were significantly downregulated, a gene encoding a complement receptor (C3AR1)
was upregulated, with an Ifc of 2.94.

Notable enriched KEGGs were “PPAR signalling pathway” (gene count = 13) and
“drug metabolism—cytochrome P450” (gene count = 9). In the PPAR pathway, significant
genes code for fatty acid-binding proteins 3, 5, and 4 (Icf = 3.50, —4.33, —4.37, respectively)
and enzymes were involved in the biosynthesis and degradation of cellular lipid fatty acids.
The “P450-mediated drug metabolism” KEGG was mostly represented by key antioxidant
enzymes and glutathione S-transferases, including GSTA3 (Ifc = 8.32), GSTA2 (Ifc = 3.01),
GSTM1 (Ife= 2.11), GSTK1 (Ifc = —1.61), and GSTT4 (Ifc = —1.94).

Gene expression profiles of cells co-treated with QUE and AFB1 were compared to
those of cells treated with AFB1 alone. This comparison allowed for the identification of
1890 DEGs (Table S2). Most of the significant genes, 1275, were upregulated, while 615 genes
were downregulated (Figure S4). The expression levels of the top 10 up- and downregulated
genes are reported in a heatmap (Figure 4b). Noteworthily, among the top 10 upregulated
DEGs, we found genes related to carcinogenesis, such as lysine demethylase 4B (KDM4B,
lfc = 3.41), stearoyl-CoA desaturase (SCD, lfc = 3.75), and carbonic anhydrase 9 (CA9,
lfc = 4.60). Top upregulated genes also included FRY microtubule-binding protein (FRY,
lfc = 3.24), semaphorin 5A (SEMASA, lfc = 3.56), and transferrin (TF, lfc = 5.13). Among
the top downregulated DEGs, we found genes implicated in inflammatory processes,
such as chemokine (C-X-C motif) ligand 5 (CXCL5, lfc = —6.16), interleukin 6 (IL6, lfc =
—5.72), colony-stimulating factor 3 (CSF3, lfc = —8.19), and podoplanin (PDPN, Ifc = —2.73),
which also play an important role in liver fibrosis and cancer. A key role in the liver
is also played by another gene, perilipin 2 (PLIN2; lfc = —3.63), a marker of steatosis,
which is downregulated here. Like PDPN, serum/glucocorticoid-regulated kinase 1 (SGK1,
lfc = —2.86), listed among the top 10 genes downregulated by QUE pre-treatment, is known
to play a crucial role in tumourigenesis and cancer progression. A further gene whose
expression was strongly reduced by QUE pre-treatment was the key antioxidant enzyme
SOD2 (Ifc = —2.87), which is consistent with the qPCR data (Figure 3b). As observed in cells
exposed to only QUE, microsomal glutathione S-transferase 1 (MGST1), GSTA2, GSTM1,
and GSTK1 were significantly regulated, with lfc values of 3.20, 4.96, 3.01, and —1.40,
respectively.

The enrichment analysis conducted on the list of 1890 DEGs resulted in the significant
enrichment of 6 BPs and 10 KEGGs (Table S3, Figure S6). Overall, some terms modulated by
the co-treatment QUE + AFB1 were also significantly affected by QUE alone, e.g., “response
to external stimulus”, “steroid biosynthesis”, and “neutrophil extracellular trap formation”,
yet the DEGs involved were not completely the same. As far as the DEGs representing the
enriched BP “response to external stimulus” (gene count = 73) are concerned, we found
many genes playing a role in mediating inflammatory processes, such as prostaglandin 12
synthase (PTGIS, Ifc = 3.09), CXCL5 (Ifc = —6.16), C-C motif chemokine ligand 2 (CCL2;
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lfc = —3.82), CCL20 (Ifc = —4.91), and high-mobility group box 1 (HMGB1; lfc = —1.30), in
addition to genes regulating apoptosis, such as BCL2 interacting protein 3 like (BNIP3L;
lfc = 1.79) and interferon alpha inducible protein 6 (IF16; lfc = 2.01).

In the analysis of the effects of QUE alone, the pathway of steroid metabolism appeared
to be significantly affected by the co-treatment QUE + AFB1, as demonstrated by the
enrichment of the BP term “cholesterol biosynthetic process” (gene count = 9) and the
KEGG pathway “steroid biosynthesis” (gene count = 11). Specifically, the co-treatment
seems to mostly upregulate genes of the cholesterol biosynthesis, rather than steroids
in general, such as LPCAT3 (Ifc = 1.85), SREBF2 (Ifc = 2.49), lanosterol synthase (LSS;
lfc = 2.41), DHCRY (lfc = 3.02), and HMGCR (lfc = 2.86).

Innate and inflammatory host defences were significantly enriched, as demonstrated
by the KEGG pathways “rheumatoid arthritis” (gene count = 19), “systemic lupus erythe-
matosus” (gene count = 18), “neutrophil extracellular trap formation” (gene count = 28),
and “cytokine-cytokine receptor interaction” (gene count = 31). In these pathways, we
found many mediators of inflammation, such as intercellular adhesion molecule-1 (ICAM1;
lfc = —2.62), interleukin 1-alpha (IL1A; lfc = —3.19), interleukin 6 signal transducer (IL6ST;
lfc = —1.75), interleukin 7 receptor (IL7R; lfc = —2.75), CXCL3 (lfc = —3.89), LIF interleukin
6 family cytokine (LIF; lIfc = —2.73), interleukin 1 receptor antagonist (IL1RN; lfc = 2.28),
CD40 (Ifc = —2.35), colony-stimulating factor 2 (CSF2; Ifc = —2.79), and C2 (Ifc = —2.73).

A further significantly enriched KEGG was “ABC-transporters” (gene count = 12), with
both up- and downregulated genes. Notably, the mRNA expression of ABCG1, ABCA2,
and ABCD1 was induced by QUE + AFB1, with lfc values of 2.81, 2.37, and 1.35, while the
mRNA expression of ABCB1 and ABCC4 was downregulated, with lfc values of —1.55 and
—2.07, respectively.

Finally, gene set enrichment analysis (GSEA) highlighted a suppression of several
pathways involved in inflammation in the co-treated cells, compared to cells treated with
AFB1 alone (Figure 5a,b, Table S4). Some examples are represented by the KEGG pathways
“IL-17 signalling pathway” (normalized enrichment score [NES] = —1.99), “NF-kappa B
signalling pathway” (NES = —1.73), and “TNF signalling pathway” (NES = —1.63), as well
as the hallmark pathways “TNFA signalling via NFKB” (NES = —1.92), “inflammatory
response” (NES = —1.58), and “interferon gamma response” (NES = —1.35). Notably, some
pathways related to carcinogenesis were also significantly suppressed in the presence of
QUIE, such as “MYC targets V1” (NES = —2.33), “MYC targets V2” (NES = —2.07), and
“DNA repair” (NES = —1.66).

Although the analysis of the transcriptional effects of AFB1 is beyond the scope of
the present study and has already been performed in a previous experiment [32], we
compared the DEGs from QUE + AFB1 vs. AFB1 and those from AFB1 vs. control (CTRL)
(i.e., 2803 genes). We observed that 60% of the total number of DEGs in the comparison
QUE + AFB1 vs. AFBI (i.e., 1136 out of 1890) exhibited a transcriptional regulation opposite
to that in the comparison AFB1 vs. CTRL (Figure 6). Specifically, the transcriptional level
of 336 genes was increased by AFB1 when compared to CTRL, but it was decreased by
the co-treatment QUE + AFB1 when compared to AFB1 alone. Likewise, the expression of
800 genes decreased in response to AFB1 but increased in the condition QUE + AFB1.

The KEGG functional enrichment of these 1136 genes (Figure 7) revealed some terms
identical or similar to those from the functional analyses conducted on the gene expression
differences between cells co-treated with QUE + AFB1 and those treated with AFB1 alone
(Figures 5 and 5S4, Tables S3 and S4). In particular, these terms were mainly related to
immunity and inflammation (i.e., IL-17 signalling, cytokine-cytokine interactions, TNF
signalling, and lipids and atherosclerosis) and calcium signalling.

Finally, the RNA-seq results were compared to those obtained using qPCR (Figure 3)
in order to check the consistency between the two methods. The two approaches were
mostly in agreement (Figure S7).
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2.5. Effect of QUE on Possible AFB1-Dependent Oxidative Stress

The generation of ROS, oxidative stress, and lipid peroxidation are among the mecha-
nisms of AFB1-induced toxicity [2,9,12]. To assess the counteracting effect of QUE on such
a sequel of toxic events, we measured the amount of malondialdehyde (MDA), a known
marker of lipid peroxidation. AFB1 significantly increased (p < 0.001) the amount of MDA
compared to control cells (Figure 8a). However, QUE did not show a significant increase in
this parameter. Importantly, the co-incubation of BFH12 cells with QUE and AFB1 revealed
a significant decrease (p < 0.001) in MDA amount compared to cells exposed to AFB1 alone,
thus confirming the flavonoid’s potential to counteract AFB1-dependent oxidative damage.
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Figure 8. Effect of quercetin on AFB1-dependent oxidative stress, cytochrome P450 3A (CYP3A) and
NQOT1 activities. The box and whiskers plots report the amount of malondialdehyde (MDA, (a)) and
the enzyme activity of CYP3A (b) and NQO1 (c) measured in the cellular medium either from control
than in QUE (30 uM), AFB1 (3.6 uM), and QUE + AFB1 (30 uM and 3.6 uM, respectively)-exposed
BFH12 cells. The statistical comparisons were established between the median values reported in cells
exposed to AFB1 and those observed in all other experimental conditions. **: p < 0.01; ***: p < 0.001
(ANOVA one-way and Dunnett’s multicomparisons tests). Graphs were obtained using GraphPad
prism software. CYP3A = cytochrome P450 3A; MDA = malondialdehyde; OD = optical density;
RLU = relative light units.

2.6. Effect of QUE on Target Enzyme Activity (CYP3A and NQO1)

According to the present gene expression results and similarly to previously published
results [29,31], we measured the activity of two enzymes known to be involved in AFB1
bioactivation and the antioxidant response(i.e., CYP3A and NQOJI, respectively) [11,36].

With regard to CYP3A catalytic activity, cells exposed to AFB1 showed a statistically
significant increase in CYP3A activity when compared to that of control and QUE pre-
incubated cells (p < 0.001 and p < 0.01, respectively). By contrast, the combined exposure
to AFB1 and QUE considerably reduced the CYP3A activity, bringing it back to levels
slightly above than that of the control (Figure 8b).

An overall decrease in NQO1 activity (and, consequently, in cellular antioxidant
response) was observed in BFH12 cells exposed to QUE, AFB1, and their combinations.
Nevertheless, such a decrease was statistically significant only in AFBl-exposed cells
(p <0.001; Figure 8c). This is in opposition to what we observed at the transcriptional
level. Indeed, the qPCR revealed a slightly significant increase in NQOL1 activity at the
highest QUE concentrations (20 and 30 uM + AFB1), compared to AFB1 alone (Figure 3b).
Likewise, the RNA-seq analysis (QUE + AFB1 vs. AFB1) identified this gene as upregulated
(Table S2).

3. Discussion

For many years, the antioxidant properties of polyphenols were assumed to result
merely from their capacity to donate electrons or chelate transition metals. However,
recent studies have shown that they might have multiple modes of action, interfering with
several cell signalling pathways [37—41]. Although several studies have been conducted on
polyphenols’ positive effects in human medicine [42,43] and animal farming [44-47], only
marginal attention has been paid to the underlying molecular mechanisms, which are not
yet fully understood.
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In cattle, the in vitro benefits of QUE have been evaluated very recently. A potential
application of QUE in treating bovine viral diarrhoea virus infection has been explored
in Madin-Darby bovine kidney cells (MDBK) [48]. Likewise, QUE’s anti-inflammatory
potential has been demonstrated in bovine intestinal epithelial cells (BIECs) [49] and
mammary epithelial cells (BMECs) [50]. The above-mentioned studies provided important
molecular results to disentangle QUE’s mechanism of action in cattle, thus increasing the
fundamental knowledge that is necessary to introduce QUE-supplemented feed in farming
practice. However, to our knowledge, sequencing technologies querying the entire genome,
such as RNA-seq, have never been employed in cattle, neither in vitro nor in vivo.

Therefore, in the present study, we primarily assessed the toxicity and the transcrip-
tional effects of QUE in a selected bovine hepatic cellular model, BFH12. Then, we proved
QUE’s ability to mitigate AFB1 toxicity in vitro and demonstrated the underlying molecu-
lar pathways.

3.1. Cytotoxicity of Quercetin

The effects of QUE have previously been studied in different cell lines, and the pub-
lished IC5( values were consistent with the results obtained in the present study. After
48 h of exposure, QUE’s IC5y was approximately 50 uM in several in vitro models, such
as the human breast cancer cell line MCF-7 [51], the human leukaemia cell lines K562 and
CEM [41], and the bovine mammary epithelial cell line BME-UV1 [30]. The IC5p of QUE
that we observed in this study is consistent with the one estimated after 48 h in the human
hepatoma cell line HepG2, i.e., 107 uM [52]. Higher ICsy values were found in prostate
cancer (PC3) and lung cancer (A549) cell lines, which are clearly less sensitive to QUE [51].
If QUE’s ICs is compared with the IC5y values obtained in the same cell line for other
well-known polyphenolic compounds [29,31], then QUE is less toxic than curcuminoids
but as toxic as resveratrol.

The positive impact of this natural flavonoid in cattle was clearly demonstrated
by its ability to significantly decrease AFB1-induced cytotoxicity. Notably, compared to
resveratrol [31], QUE appeared to be three times less effective in counteracting AFB1-
mediated cytotoxicity; this is particularly relevant considering that these two polyphenols
have similar ICsy values in BFH12 cells. Conversely, in BME-UV1, QUE exhibited a higher
protective ability against AFB1 cytotoxicity than resveratrol [30]. We might hypothesize
that the efficacy of different polyphenols varies depending on the target tissues, suggesting
overall better outcomes when these natural extracts are used in combination, as recently
shown in rat models of colon carcinoma [53].

3.2. Biotransformation of AFB1

Aflatoxin M1, one of the most toxic AFB1 derivatives [54], appeared to be inversely
correlated with QUE concentration, as previously observed for curcuminoids and resvera-
trol [29,31]. Most probably, QUE reduces AFM1 production by targeting the major enzymes
involved in AFM1 hepatic formation. As an example, CYP3A mRNA expression and cat-
alytic activity were highly enhanced by AFB1 alone, but this increase was reversed via the
pre-treatment with QUE, even though at the catalytic activity level, this effect was only close
to the threshold of significance. To explain these results, we hypothesize that QUE might
modulate the synthesis and/or activity of CYP3A. Nevertheless, to clarify the possible in-
teractions among QUE, AFB1, and CYP3A, target studies are clearly needed. In opposition
to what we reported for resveratrol [31], the amount of highly toxic AFL did not increase
with flavonoid concentration. It has always been thought that AFL production is not an
efficient detoxification reaction because AFL is carcinogenic and a repository for AFB1 [14].
However, AFL production has recently been associated with minor sensitivity to AFB1 by
reducing the amount of AFB1 available for bioactivation [55]. Therefore, we can postulate
that QUE’s failure to shift AFB1 metabolism towards AFL is one of the mechanisms that
make this flavonoid not as effective as resveratrol in reducing AFB1-induced toxicity.
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3.3. Molecular Effect of QUE Underlying Its Potential Role as an Anti-AFB1

In a previously published study, AFB1 was found to significantly affect the tran-
scriptome of BFH12 cells, eliciting carcinogenesis, cellular damage and apoptosis, inflam-
mation, bioactivation, and detoxification pathways [32]. Here, we demonstrated that a
pre-treatment with QUE mitigated AFB1-induced cytotoxicity and profoundly modified
the cell line’s transcriptional response to AFB1 exposure. The transcriptional modifications
induced by QUE, conferring moderate protection against AFB1 toxicity, were mainly related
to cholesterol homeostasis, inflammatory processes, carcinogenesis, oxidative stress, and
drug transport.

Quercetin administered alone had a considerable impact on the BFH12 cell transcrip-
tome, significantly affecting the expression of more than one thousand genes. Similar
results were obtained when treating BFH12 cells with curcumin [29]; conversely, resveratrol
induced negligible transcriptional changes in the same cellular model [31]. Notably, of the
natural extracts that we have so far tested in BFH12 cells, resveratrol was the most effective
in mitigating AFB1-induced cytotoxicity. The present results seem to support the idea that
the extent to which polyphenols affect BEH12 cells” transcriptional profiles might not be
positively correlated with their efficacy in mitigating AFB1 toxicity. In addition, a partic-
ularly interesting fact is that transcriptional profiles of cells exposed to QUE alone were
nearly identical to those of cells co-treated with QUE and AFB1. This means that adding
the mycotoxin had no substantial effect on cells previously “primed” with the flavonoid
and that AFB1 did not produce transcriptional modifications additional to those triggered
by QUE. However, further studies are needed to decipher the mechanisms underlying this
peculiar transcriptional outcome.

3.3.1. Cholesterol Metabolism

In the present study, we showed that QUE interferes with cholesterol metabolism, as
previously demonstrated [56]. Indeed, in BEH12 cells, several genes involved in steroid
metabolism were differentially regulated by QUE, such as SCARBI1 (scavenger receptor
class B type 1), which was also upregulated in this study. Conversely, this transcription
factor has been reported to be downregulated by QUE in gut broilers, which in turn de-
creases triglycerides, total cholesterol, and low-density lipoproteins [57]. This result is
also consistent with the observed upregulation of LDLR, responsible for LDL endocytosis
and clearance, which has previously been reported to be regulated by QUE in rat mod-
els [58]. Other genes involved in steroid metabolism (e.g., FASN, HMGCR, and SCD)
were upregulated by QUE, yet previous studies reported opposite results. For instance,
several polyphenols, including QUE, have been recognized as FASN inhibitors [59,60]. In
hepatocytes, HMGCR is a molecular target of many dietary polyphenols, being inhibited at
both mRNA and enzymatic activity levels [61]. In hamsters fed with QUE diets, the mRNA
of hepatic HMGCR was inhibited [62]; however, in the same study, HepG2 cells incubated
with QUE did not show significant variations in HMGCR mRNA levels. By contrast, QUE
was found to increase HMGCR activity in mice fed with a high-fat diet [63]. Likewise,
HMGCR and its upstream and downstream genes, SREBF2 and LSS, were induced when
cells exposed to QUE + AFB1 were compared to those exposed to AFB1 alone. These con-
flicting results are likely due to differences in cholesterol metabolism between species [64].
In this cell model, we might interpret this overexpression as a strategy of QUE to alleviate
the AFBl-induced oxidative stress, as previously suggested in human lens epithelial cells
subjected to UV-B [65].

3.3.2. Inflammatory Processes

The data presented in this study showed that QUE’s mechanism of action might also
encompass the regulation of the pathway of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB), as previously suggested [66]. Notably, in the present study,
the expression of this transcription factor, with well-recognized functions in regulating
immune and inflammatory responses, was not directly modulated by QUE. Instead, a key
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gene that is normally inhibited via NF-kB deactivation, PTX3, was greatly downregulated
by QUE. The importance of PTX3's decrease in mediating QUE’s anti-inflammatory activity
was previously demonstrated in human mesangial cells, in which it blocked the NF-
kB signalling pathway and reduced renal damage [67]. Furthermore, suppression of
NEF-kB signalling is most likely linked to the downregulation of PTGS1 (i.e., COX1), an
enzyme with critical roles in the pathophysiological progress of inflammation and cancer.
Indeed, inhibitors or silencers of PTGS1 greatly attenuate the inflammatory response
by negatively governing the NF-kB signalling pathway [68]. On the other hand, QUE
induced the transcription of PTGS2 (i.e., COX2), which is usually activated in response
to pro-inflammatory stimuli. In the literature, PTGS2 expression has been reported to
be attenuated by QUE [69], so the induction observed here appears to be controversial.
QUE’s anti-inflammatory properties were also confirmed by the potent downregulation
of pro-inflammatory chemokines, in particular the CXCR3 ligands CXCL9, CXCL10, and
CXCL11, which are important players in chronic liver diseases [70], inflammation [71], and
cancer [72].

QUE’s potential to moderate inflammatory processes appeared to be crucial in mitigat-
ing AFB1-induced toxicity. Indeed, several genes with pro-inflammatory activity, such as
interleukins and related receptors, chemokine ligands, and colony-stimulating factors, were
downregulated in QUE + AFB1 vs. AFB], as previously observed when pre-treating BFH12
with curcumin [29]. Interestingly, genes that mediate toxic pro-inflammatory responses
(e.g., IL1A, IL6, and IL7R) are greatly induced by AFB1, both in vivo [73] and in vitro [74],
including in BFH12 cells [26,32]. Importantly, the key protein that mediates the decrease in
cytokine/chemokine release was, most likely, HMGB1, whose transcription was indeed
lowered by QUE pre-treatment. This nuclear protein is involved in various liver injuries
leading to inflammation and in regulating specific cell death responses, and QUE has
previously been identified as its potential inhibitor [75]. For instance, in normal human
hepatocytes, the HMGBL transcript was lowered by QUE (from 25 to 100 M), and the level
of proteins playing a role in the corresponding signalling pathway was further reduced,
while the production of ROS and the pattern of apoptosis were further suppressed [76].

Looking at the downregulated inflammatory mediators (e.g., CCL2, CCL20, CXCLS5,
and CSF3), we recognized the inhibition of the IL17-driven inflammation, whose hallmark
is neutrophil accumulation [77]. Accordingly, the IL17 pathway was a significantly enriched
KEGG pathway in the GSEA, together with the TNF and NF-kB pathways, which have sev-
eral genes in common with the IL17 pathway and are all crucial in inflammatory responses.

Lastly, as far as QUE’s ability to hamper inflammatory processes is concerned, the
downregulation by QUE of PDPN appeared to be of particular interest. This gene is nor-
mally upregulated during inflammation and cancer in different cell types. Some polyphe-
nols, such as epigallocatechin-3-gallate and curcumin, have been reported to suppress
PDPN expression in mouse tumours [78,79]. However, to our knowledge, the potential role
of QUE as a PDPN inhibitor has never been reported before.

The central role of inflammation was also revealed by comparing genes regulated
by AFB1 (compared to the control) and those regulated by QUE + AFB1 (compared to
AFB1). Indeed, most of the shared DEGs showing opposite fold changes were related to
inflammatory processes. This clearly demonstrated that in BFH12 cells, particularly under
our experimental conditions, many benefits of QUE (here demonstrated in terms of reduced
AFBl-induced cytotoxicity) are mediated by anti-inflammatory mechanisms.

3.3.3. Oxidative Stress

A further highlight of the present study was QUE’s antioxidant potential, which is
the reason why natural polyphenols are studied in the first place. Specifically, QUE alone
increased the expression of MAFF, a small MAF transcription factor that dimerizes with
nuclear factor erythroid 2—related factor 2 (NRF2), therefore activating antioxidant defences
and resisting toxicant-induced oxidative stress [80]. It is well known that NRF2 pathway
activation in response to cell stress leads to the downstream regulation of cytoprotective
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genes forming a network of cooperating enzymes involved in drug detoxification reactions
(e.g., NQO1, CYPs, GSTs, and UGTs) and elimination (e.g., ABCB1 and BCRP) of pro-
oxidants [81,82]. Additional NRF2-induced antioxidant enzymes are those mediating
ROS elimination, such as enzymes producing and regenerating glutathione and redox
cycling enzymes (e.g., thioredoxin, GPX, SOD, and CAT) [82]. In the present study, of
the above-mentioned genes, QUE alone significantly impacted the expression of GPX1,
GSTA3, GSTA2, and GSTM1. Although GPXs and GSTs are known targets of natural
polyphenols [83], their upregulation, together with that of MAFF, seems not enough to
suggest a strong activation of the NRF2 pathway in QUE-treated BFH12 cells. Accordingly,
QUE did not increase NQOI1 enzyme activity. Noteworthily, when comparing the QUE
+ AFBI1 and AFB1 conditions, QUE’s antioxidant activity seems slightly more evident.
Indeed, AFB1 greatly increased MDA production in BFH12 cells, but the pre-treatment
with QUE was preventive. Accordingly, a previously published study reported that a QUE-
supplemented diet significantly reduced the AFBl-induced increase in MDA in mouse
brain tissue [84]. Importantly, the increase in MDA production is a general marker of
oxidative stress, and the results obtained here demonstrate QUE’s antioxidant power
in bovine hepatic cells. Regarding gene expression, GSTA2, GSTM1, and MGST1 were
significantly upregulated by QUE pre-treatment. Notably, in BFH12, we observed that
curcumin too induced the expression of these GSTs [29]. The most interesting regulated
gene was NQO1, which was significantly induced by QUE pre-treatment. However, we
showed that this transcriptional change was not reflected by an increased NQO1 catalytic
activity. Taking these results together, we might speculate that in BFH12 cells, QUE induces
a mild NRF2 activation by regulating the protein synthesis and/or activity of this key
master regulator, rather than its mRNA transcription. This activation mostly results in
an increased expression of antioxidant enzymes, mainly GSTs. Conversely, NQO1 does
not seem to play a key role in the QUE-dependent antioxidant response to AFB1, as was
demonstrated for curcumin and resveratrol [29,31]. Interestingly, compounds that decrease
the inflammatory response by suppressing NF-kB signalling, as demonstrated for QUE,
activate the NRF2 pathway [85]. Thus, NRF2 is an anti-inflammatory gene [86], and
inhibition of inflammation by NRF2 is associated with the inhibition of the NF-kB pathway
and pro-inflammatory cytokine production [87]. Although the molecular events regulating
the interaction between NRF2 and inflammatory regulators remain largely unclear, phenolic
antioxidants have been demonstrated to trigger these mechanisms [88].

3.3.4. Carcinogenesis

Additional molecular targets of QUE in BFH12 cells were represented by genes in-
volved in cancer progression. QUE alone largely downregulated some genes with a role
in promoting cancer (e.g., OLFML2B, EMILIN2, and CD36), which is consistent with the
anticancer potential of this natural extract [89]. In particular, QUE has already been shown
to inhibit CD36 expression, thus protecting cells against cell proliferation, migration, and
invasion [90,91]. Several genes involved in carcinogenesis were also modulated by QUE
pre-treatment, as suggested by the GSEA suppression of the “MYC targets V1”7 and “MYC
targets V2” hallmarks. MYC is a regulator of ribosomal biogenesis and protein synthe-
sis [92]; its overexpression is suggested to activate several ribosomal proteins and enhance
ribosomal biogenesis [93], which in turn affects cell proliferation. MYC upregulation occurs
in up to 75% of cancers [94]. Some natural extracts, e.g., piperine and curcumin, have
already been demonstrated to suppress the activity of MYC, resulting in anticancer ef-
fects [95,96]. In the present study, QUE did not directly suppress MYC, but it did suppress
several genes whose expression is regulated by MYC. Among these were ribosomal pro-
teins (e.g., SNRPD2, SNRPD3, RRP9, and RRP12), cell division cycle 20 (CDC20), heat
shock protein family D (hsp60) member 1 (HSPD1), and bystin-like (BYSL). CDC20 has
an oncogenic function in tumourigenesis [97], and its expression has been reported to be
inhibited in vitro by curcumin and rottlerin, resulting in reduced survival of pancreatic
cancer cells [98] and glioma cells [99]. HSPD1 encodes a mitochondrial chaperone pro-
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moting cell immortality and proliferation [100]; notably, its inhibition by curcumin has
been associated with anti-glioma effects in vitro [101]. BYSL was reported to be crucial
in hepatocarcinogenesis, both in vitro and in vivo. Moreover, inhibiting BYSL using RNA
interference significantly decreased HCC cell proliferation in vitro, induced cell apoptosis,
and partially arrested the cell cycle, leading to the failure of tumour formation [102].

3.3.5. Transporters

AFBI1 negatively affected the expression of several ABC transporters involved in
the transport of fatty acids (e.g., ABCD1) and lipids (e.g., ABCA2, ABCA7, and ABCG1),
whereas it induced the expression of xenobiotic efflux transporters, such as ABCBI1 (also
known as MDR1) and ABCC4 (MRP4). Intriguingly, the co-treatment with QUE and
AFBI1 reverted these transcriptional changes. ABCD1 is associated with peroxisomal (3-
oxidation, and in neuronal N2a cells, the 7-ketocholesterol-induced decrease in its mRNA
and protein levels was counteracted by QUE, resveratrol, and apigenin [103]. ABCA2is a
key gene involved in maintaining the homeostasis of sterols, sphingolipids, and cholesterol,
mainly in macrophages and neurons, but also in the liver [104]. ABCGI1 is a porter of
intracellular cholesterol, and ABCA?7 is a bridge connecting cholesterol metabolism to the
immune system and the body’s defence system [105]. Notably, ABCG1 has already been
demonstrated in vitro (in macrophages) to be induced by QUE, thus protecting against ox-
LDL-induced injury [106]. Looking at the xenobiotic efflux transporters, which are known
to interact with several polyphenols [107], the role of ABCBI in the transport of AFB1
is still unclear. Indeed, contrasting results were reported in vitro and in vivo [108,109],
preventing us from interpreting the significance of ABCB1 downregulation observed here
in the co-treatment with QUE and AFB1. For instance, curcumin ameliorates the duodenal
toxicity of AFB1 in chicken by inducing the mRNA expression of ABCB1 and activating
the encoded protein [110]. Likewise, a recent study has demonstrated that in the liver of
broilers fed with QUE, ABCB1, mRNA and protein expression were upregulated [111]. On
the other hand, QUE has been reported to negatively affect ABCB1 activity in HepG2 cells,
thus potentiating the cytotoxic activity of anticancer drugs [112]. With regard to MRP4, it
has been shown that QUE is most probably a substrate for this transporter, and its activity
can be modulated by flavonoids [107]. To our knowledge, there is no evidence of a possible
relationship between AFB1 and MRP4; however, the expression of ABCC4 is upregulated in
HCC tissues. Based on this evidence, the ABCC4 downregulation observed in the present
study after the co-treatment of QUE and AFB1 might mean that this molecular mechanism
contributes to the overall mitigation of AFB1 toxicity in BFH12 cells [113].

4. Conclusions

To the best of our knowledge, QUE’s potential benefits in AFB1-exposed bovine cells
have never been explored using an integrated approach combining cytotoxicity, RNA-seq,
and post-transcriptional assays. The results of the present study, and those obtained in
previous experiments on BFH12 cells, allow us to draw the following three conclusions.
(1) QUE pre-treatment hampers AFB1-induced cytotoxicity, and this protective mechanism
is mediated by the regulation of genes involved in lipid homeostasis, inflammatory and
immune processes, and carcinogenesis. (2) In BFH12 cells, QUE possesses antioxidant
activity that is mostly mediated by other pathways than previously identified for curcumin
and resveratrol (e.g., diaphorase is not a major player). (3) QUE is a promising flavonoid,
even though compared to curcuminoids and resveratrol, it exhibits a lower efficacy in
mitigating aflatoxin-mediated toxicity in BFH12 cells. This does not mean that using
QUE as a feed additive in cattle farming should be abandoned in favour of curcumin
or resveratrol. Remarkably, there are plenty of additional factors to be considered when
choosing a natural compound as a feed additive, such as the costs of the natural source of
the compound (e.g., fruits and vegetables), extraction feasibility and costs, bioavailability,
toxicity to tissues and organs, and overall molecular mechanisms (e.g., interference of
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the compound with physiological proteins, nutrients, or drug transporters), which might
significantly impact the overall feasibility of a certain feeding strategy.

In conclusion, targeted molecular studies are envisaged to disentangle the role of
specific pathways and genes in AFB1 toxicology and, consequently, to better characterize the
protective role of QUE. In the meantime, in vivo studies implementing QUE-supplemented
diets are recommended to assess QUE’s bioavailability and beneficial effects on aflatoxicosis.

5. Materials and Methods
5.1. Materials and Bovine Cell Line

Cell flasks and plates were purchased from Sarstedt (Verona, Italy). Williams” E
Medium, L-alanyl-l-glutamine, penicillin/streptomycin, and foetal bovine serum (FBS)
were acquired from Biochrom (Biospa, Milan, Italy). AFB1, QUE (>95% purity), and
dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
PCB126 (99% purity) and AFM1 were purchased from Lab Service Analytica (Bologna,
Italy), AFL from DBA Italia (Milano, Italy), and AFB1 13C17 from Orsell (Modena, Italy).
All other chemicals used in the study were commercially available and of molecular biology
grade. Solvents used for metabolite quantification were all of LC-MS grade.

The bovine SV40 large T-antigen-transduced foetal hepatocyte-derived cell line (BFH12)
was kindly provided by Axel Schoeniger (Institute of Biochemistry, University of Leipzig,
Germany) and cultured using the experimental procedures detailed in our previous pa-
per [32]. For all the experiments, cells were used from passage 16 to passage 20.

5.2. Cytotoxicity

Cytotoxicity tests were conducted as previously reported [32]. Briefly, four days after
seeding (6 x 10% cells/well), BFH12 cells were exposed to increasing concentrations of
QUE for a total of 64 h (16 + 48 h; range 5-250 uM). Cell viability was measured using
WST-1 Cell Proliferation Reagent (Roche, Basel, Switzerland) and expressed as a percentage
relative to the viability of cells exposed to the vehicle only (0.1% DMSO). Experiments were
performed in triplicate, and each concentration was tested in sextuplicate.

Afterwards, we assessed the ability of QUE to reduce AFB1-induced cell mortality.
Selected sub-cytotoxic concentrations (10, 20, and 30 uM) were defined based on the QUE
dose-response curve and the resulting ICsy obtained in the present study. In agreement
with the methodological approach adopted in our recent studies on AFB1 toxicity in the
BFH12 cell line [29,31,32], we pre-treated cells with an aryl hydrocarbon receptor (AHR)
agonist, i.e., the most potent dioxin-like PCB (PCB126). The rationale for this choice was
the hypothesis that the metabolic competence of BFH12 cells could be lower than that of
adult cells. Hence, PCB126 pre-treatment aimed at increasing cell responsiveness to AFB1.

5.3. Incubation of Cells for Gene Expression Analysis

To assess the effects of AFB1 on the BFH12 transcriptional profile, cells were cultured
in 6-well plates at a density of 5 x 10* cells/well. Four days after seeding, monolayers
were pre-treated with 1 nM PCB126 for 24 h. Then, cells were exposed to QUE (10, 20, or
30 uM), 3.6 uM AFBI, or their combination (Figure 9). Cells pre-treated with PCB126 and
exposed to the vehicle (0.1% DMSO) were used as control. A total of four independent
cell culture experiments were set up. All the details about the experimental procedures,
including RNA isolation, RNA concentration, and quality assessment, are available in our
previous papers [29,31,32].

5.4. Quantitative Real-Time PCR (gPCR)

Targeted qPCR analyses were preliminarily carried out to assess the effects of sub-
cytotoxic QUE concentrations (i.e., 10, 20, and 30 uM). Target genes were those known to
be somehow involved in AFB1 mechanistic toxicology (i.e., genes contributing to AFB1
biotransformation and/or involved in the antioxidant response) [32]. Four biological
replicates (i.e., independent cell culture experiments) were performed. In summary, eight
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experimental conditions were taken into consideration: CTRL, QUE (10, 20, and 30 pM),
AFB1, and QUE (10, 20, and 30 uM) + AFB1. The procedures of reverse transcription
and qPCR amplification, primer sequences, and the principles of qPCR data analysis are
described elsewhere [32].

Cells
monolayer

T24h T48h T96h
| = |

CTRL
AFBI1

QUE
QUE+AFBI1

t f f RNA-seq

Figure 9. Cell treatments. Scheme reporting the cell treatments performed in this study and the
resulting experimental groups assayed with the RNA-sequencing approach. DMSO = dimethyl
sulfoxide. Arrows indicate complete medium changes (fresh medium and treatment solutions).

5.5. Preparation of Libraries and RNA-seq

In addition to the CTRL and AFB1 experimental conditions, only cells exposed to the
highest QUE concentration (i.e., 30 uM), either alone or in combination with AFB1, were
subjected to RNA-seq. The QUE concentration of 30 uM was selected because it was the one
provoking the most significant transcriptional variations using qPCR (Section 5.4). Three
independent biological replicates per condition (i.e., independent cell culture experiments)
were assessed. A total of 12 tagged RNA-seq libraries were prepared and sequenced follow-
ing a 50-bp single-end strategy in an Illumina Hi-Seq 4000 instrument (Fasteris SA, Geneva,
Switzerland). These libraries were prepared as detailed elsewhere [32], using Agilent’s
SureSelect Strand Specific RNA Library Preparation Kit (Agilent Technologies, Santa Clara,
CA, USA) and following the manufacturer’s instructions. Notably, the CTRL and AFB1
libraries were previously analysed in a stand-alone study assessing the transcriptional
effects of PCB126 and AFB1 on BFH12 cells [32]. In the present study, these libraries were
analysed again in the context of a larger dataset including new data (i.e., cells treated with
QUE and QUE + AFB1).

5.6. Analysis of RNA-seq Data

Differential expression (DE) was conducted using edgeR [114] and grouping samples
according to the treatment (i.e., CTRL, QUE, AFB1, and QUE + AFB1). Pairwise analy-
ses were performed to assess the transcriptional changes induced by QUE, either alone
(QUE vs. CTRL) or in combination with AFB1 (QUE + AFB1 vs. AFB1). Common and
tagwise dispersions were estimated (estimateDisp), a linear model was fitted (g/mQLFit),
and the DEGs were determined using the function glmTreat with the following thresholds
of significance: false discovery rate (FDR) < 0.05 and log, fold change (Ifc) > 1.

A functional interpretation of significant DEGs was obtained through GO and KEGG
over-representation analysis (ORA) implemented in the R environment, using functions
included in the ClusterProfiler package (i.e., enrichGO, enrichKEGG) [115]. Ensemble
gene identifiers were used to establish two different gene lists (i.e., significantly up- and
downregulated genes) and a “background” (i.e., all the expressed genes). Dot plots and
gene-concept networks were also constructed via specific functions available in the Clus-
terProfiler package. Redundancy of gene ontology terms was removed using the simplify
function (similarity cutoff = 0.5). Dot plots display the most significant enriched terms (p <
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0.05), while gene-concept networks highlight which genes were involved in the significant
GO terms.

In order to analyse the transcriptional differences triggered by the cotreatment QUE + AFB1
(compared to AFB1 alone), a pre-ranked GSEA [116] was also performed. This statisti-
cal approach is helpful in determining whether gene sets that are defined a priori show
statistically significant enrichment at either end of the ranking. A statistically significant en-
richment value (Benjamini-Hochberg adjusted p < 0.05) indicates that the biological activity
(e.g., the biomolecular pathway), characterized by the gene set, is correlated with the sup-
plied ranking. The ranked input was prepared as follows. A score (—log10 x p X sign(lfc))
was calculated from the edgeR differential expression results. A gene differentially ex-
pressed at a significant level (a low p close to 0) will be assigned a high score. The sign of lfc
indicates whether the gene has an expression that is higher in the QUE + AFB1 condition
(i.e., if Ifc > 0, then the score will have a positive sign) or lower in the QUE + AFB1 condi-
tion (i.e., if Ifc < 0, then the score will have a negative sign). In this way, all the expressed
genes were ranked from top upregulated to top downregulated. The analysis was carried
out using the gseKEGG and GSEA functions provided by the ClusterProfiler package [115].
While the first function was run for the enrichment of the KEGG pathways, the second one
was run using the hallmark gene sets of the Molecular Signatures Database (MSigDB).

5.7. Analytical Investigations

Medium and cell samples were collected at the end of the experiment. Total AFBI1,
AFM1, and AFL were measured using LC-MS/MS in all the experimental conditions
according to [32]. The LC-MS/MS system consisted of a Waters Acquity UPLC binary
pump coupled to a Quattro Premier XE triple quadrupole mass spectrometer (Waters,
Milford, MA, USA). Waters Acquity BEH C18 (50 x 2.1 mm, 1.7 pm) reversed-phase
columns were used for the chromatographic separation. The instrument was equipped
with an electrospray ionization source (ESI) operating in positive mode at a capillary voltage
of 3.75 kV, with source and desolvation temperatures of 120 and 350 °C, respectively. The
desolvation gas flow was 650 L/h, and the cone gas flow was 100 L/h. For each analyte,
the following specific transitions were monitored: 313.1 > 284.7 m/z (CV 53 V; CE 25 eV)
for AFB1, 329.1 > 272.7 m/z (CV 42 V; CE 26 eV) for AFM1, 297.1 > 268.4 m/z (CV 48 V;
CE 20 eV) for AFL, and 330.3 > 300.6 m/z (CV 50 V; CE 22 eV) for the internal standard
13C17-AFB1.

5.8. Oxidative Stress

The oxidative damage induced by AFB1 and the possible counteracting effect of QUE
were assessed by measuring the amount of MDA, a marker of lipid peroxidation. The
experimental groups were the same as those used for the RNA-seq investigations. The
MDA production was measured in six independent biological replicates (i.e., independent
cell culture experiments) using the ab233471 lipid peroxidation colourimetric assay kit
(Abcam, Prodotti Gianni S.p.A., Milan, Italy) according to [29].

5.9. Enzymatic Activity

As post-transcriptional confirmatory assays, CYP3A and NQO1 enzyme activity were
measured. CYP3A and NQOT1 are two key enzymes involved in AFB1 bioactivation and
the antioxidant response, respectively. The former enzyme activity was measured using
the P450-Glo™ CYP3A4 assay, with luciferin-IPA as a substrate (Promega Corporation,
Madison, WI, USA), and following the manufacturer’s instructions. For both enzymes,
further protocol details are reported elsewhere [29]. As for NQOY, its catalytic activity
was assessed using the ab184867 NQOT1 activity assay kit (Abcam, Prodotti Gianni S.p.A.,
Milan, Italy).
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5.10. Statistical Analysis

Dose-response curves were obtained using the GraphPad Prism software (version
8.0.2, San Diego, CA, USA), plotting a nonlinear regression [log(inhibitor) vs. normalized
response, variable slope]. The ICsy and the goodness of fit (R squared) were obtained via
the software.

The statistical analyses of cytotoxicity, qPCR data, and MDA content, as well as of
NQO1 and CYP3A enzyme activities, were performed using a one-way ANOVA followed
by Dunnett’s multiple comparisons test, with the level of significance set at p < 0.05.
The same statistical approach was adopted for the analytical data, but Tukey’s multiple
comparisons test was used instead of Dunnett’s test.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/toxins15090555/s1, Figure S1. Cytotoxicity; Figure S2. Effects
of QUE in AFB1 biotransformation; Figure S3: MDS plot; Figure S4: MD plots; Figure S5: Over-
representation analysis QUE vs. CTRL; Figure S6: Over-representation analysis: QUE+AFB1 vs. AFB1;
Figure S7: Concordance between qPCR and RNA-seq results; Table S1: Sequencing and mapping
results; Table S2: Differential expression analysis; Table S3: Enrichment analysis; Table S4: Over-
representation analysis (GSEA).
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Abstract: Ergot sclerotia produce toxic secondary metabolites, ergot alkaloids, that infect cereal crops
and grasses. Ergot alkaloids have two isomeric configurations: the C-8-R-isomer (R-epimer), and
the C-8-S-isomer (S-epimer). Ergot contaminated matrices, such as cereal grains or grasses, may be
stored for extended periods at various temperatures before being analyzed, utilized, or consumed.
This study assessed the concentration of six common ergot alkaloids in both configurations found in
naturally contaminated wheat over time (one, two, and four months) at different temperatures (room
temperature, +4 °C, and —20 °C) using ultra-high-performance liquid chromatography—tandem mass
spectrometry. The data indicate that the total ergot concentration within a natural contaminated
sample varies over time at room temperature, +4 °C, and —20 °C. The total ergot concentration
increased until month two, and decreased at month four, independent of temperature (p < 0.05). The
total R-epimer concentration appeared to be less stable over time than the total S-epimer concentration.
The changes in the total R and total S-epimer concentrations may have been caused by changes in
the ergocristine and ergocristinine concentrations, respectively. Time and temperature should be
considered when storing potentially contaminated matrices in a laboratory or practical agriculture
situations. Quantification of ergot contaminated matrices should occur prior to their use to ensure
the most reliable estimates of the concentration of ergot.

Keywords: contamination; grain; epimer

Key Contribution: This study demonstrates for the first time the effect of extended storage time and
multiple temperatures on the R-epimers and S-epimers of the six common ergot alkaloids. To ensure
accurate ergot concentrations, ergot contaminated products should be analyzed prior to use if stored
under various conditions.

1. Introduction

Ergot sclerotia contaminate cereal crops or grasses. If the infected crops or forage are
harvested, food or feed quality may be impacted. Within recent years, samples contam-
inated with ergot sclerotia have increased in western Canada [1,2]. This increase in the
incidence of ergot-contaminated samples may be associated with changing climate [3], or
agricultural practices [1].

Ergot sclerotia contain toxic secondary metabolites known as ergot alkaloids [1].
Ergot alkaloids are divided into three structural classes: clavines, lysergic acid amides,
and ergopeptines [4]. Each class exists in two configurations, the C-8-R-isomer and the
C-8-5-isomer. Each configuration is known as the R-epimer and S-epimer, respectively,
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with either a -ine (R), or -inine (S) suffix. There are six common ergot alkaloids world-
wide [5,6]. The six common R and six common S-epimers are, ergocornine/ergocorninine,
ergocristine/ergocristinine, ergocryptine/ergocryptinine, ergometrine/ergometrinine, er-
gosine/ergosinine, and ergotamine/ergotaminine.

Ergot infected grains or grasses can be stored for months before they are used for food
or feed products. The stability of ergot alkaloids in natural ergot contaminated samples
has been studied [1,7-10]. The concentration of an individual ergot alkaloid, ergovaline,
in infected tall fescue has been assessed over time at multiple temperatures [7-10]. Tem-
perature and time appeared to decrease the concentration of ergovaline. In contrast, total
ergot alkaloid concentration in rye was reported to be stable over days [11]. However,
several studies demonstrated that total ergot alkaloid concentration was affected by longer
time periods of months and years [1,8,10,12]. Study variability may be associated with
differences in the time/temperature investigated. Discrepancies in the ergot alkaloids or
epimers quantified may also contribute to the variation. Previous studies have not assessed
the effects of time and temperature on the R and S-epimers separately.

The R and S-epimers of ergot alkaloids have demonstrated varied stability in sol-
vents and raw material with altered experimental factors [13-16]. The R and S-epimers
of ergot alkaloids can epimerize from one configuration to another [4]. Epimerization
and degradation of ergot alkaloids can occur at high temperatures, greater than room
temperature [13,16]. The effects of temperature lower than room temperature have been
studied to a lesser extent. Certain R and S-epimers of ergot alkaloids are found at high
concentrations worldwide [3,5,17-19]. All common ergot alkaloids should be analyzed in
contaminated samples due to the potential concentration differences.

The concentration of ergot alkaloids in food and feed are determined for the health and
safety of humans and animals. Safety standards on ergot alkaloids for human food [18,20]
and animal feed [21] consumption have been established. The standards for ergot alkaloid
concentration include only the R-epimer of ergot alkaloids and do not include the S-epimer
in Canada at the present time. The European Union (EU) Commission Recommendation
for ergot contaminated foodstuff includes both the R and S-epimers of ergot alkaloids in
the regulatory standard [20]. The quantification of both R and S-epimers, under various
storage conditions, should be conducted to prevent underestimation of the total ergot
alkaloid concentration and provide an accurate estimate of exposure [4,17,18]. Recent
studies have demonstrated that S-epimers may be bioactive and have toxic effects [22-24],
further supporting the need for quantification of each configuration.

Samples suspected to be contaminated with ergot can be sent to laboratories to assess
the concentration of ergot alkaloids [25]. Time and temperature may affect the concen-
tration of ergot alkaloids in the submitted samples [7]. Various temperature conditions
have been reported during sample storage after harvest or sample preparation, prior to
analysis [1,8-10,26], such as ambient temperature, +5 °C, —4 °C, —20 °C, and —29 °C.
However, the length of time prior to analysis of the stored samples is seldomly reported.
Some studies did not report the storage temperature of natural ergot contaminated samples
prior to or after analysis [27-30].

In an agricultural setting, storage factors for crops consist of temperature, moisture,
pests including fungi [31], and time [10]. Stored crops with ergot contamination may have
an economic impact on producers through crop quality [2] or livestock consumption [32].
Harvested grain may be downgraded to animal feed if it is contaminated with ergot [12],
and livestock may show a reduction in milk yield and weight if ergot contaminated feed is
consumed [33]. The effects of storage factors on the concentration of ergot alkaloids could
have practical implications if the stored crop quality is impacted.

Assessing the effects of various storage temperatures over an extended time on ergot
alkaloid concentrations is limited. Studies with extended storage periods only assessed
one temperature, and a study assessing multiple temperatures did not assess the effects of
an extended time period at those temperatures. Furthermore, the quantification and inves-
tigation of the effect of long-term storage and temperature on multiple R and S epimers

167



Toxins 2023, 15, 497

(A)

separately has not been assessed to the authors knowledge. It is important to quantify
and assess the S-epimers of ergot alkaloids because of the recent recommended guideline
changes to include the S-epimers and the potential bioactivity of the S-epimers. Under-
standing the R and S-epimer concentration stability in natural contaminated grain over
time at multiple temperatures may help ascertain ideal storage conditions and determine
the storage factors affecting concentration stability. The objective of this research is to assess
the effects of storage time and temperature on the six R and six S-epimers of the common
ergot alkaloids in natural ergot-contaminated wheat.

2. Results
2.1. Total Ergot Concentration

A small pilot study using the ground ergot contaminated samples was conducted with
three groups, prior to drying, freeze drying, and heat drying. The percent change after the
drying treatments were minimal: 5% and 7% for the freeze and heat drying, respectively.
The concentrations of ergot epimers were assessed in all three groups and the drying
treatment did not have an affect on the ergot epimer concentrations. Therefore, moisture
content would not impact the results of the present study.

Time and temperature influenced the total ergot concentration. There was a significant
interaction between the effect of time and temperature on the mean total ergot concentration
(MTEC) (p < 0.05). At room temperature, +4 °C, and —20 °C storage there was a significant
effect of time on the MTEC (p < 0.05) (Figure 1). At room temperature, the MTEC did
not significantly change after one month of storage, but significantly increased by 15%
after two months of storage (p = 0.037) and decreased by 19% after four months of storage
(p <0.001), compared to the initial analysis. At +4 °C, the MTEC significantly increased
over time at one and two months (p < 0.001) but returned to the initial concentration after
four months. At —20 °C there was a 25% increase at month two (p < 0.001) and a 9%
decrease at month four (p = 0.006), compared to the initial analysis. The specific ergot
alkaloids that are influencing the total ergot concentration can be found below.
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Figure 1. The total (six R and six S-epimers) ergot concentration (nug/kg) in natural ergot-
contaminated hard red spring wheat over time (month) at (A) room temperature (RT), (B) +4 °C, and
(C) —20 °C, analyzed utilizing high-performance liquid chromatography—tandem mass spectrometry.
[Box-plot: whiskers are defined at the minimum and maximum values, top of box is defined as
the 75th percentile, bottom of box is 25th percentile, and middle line is defined at the median. The
° are defined as outliers (>1.5 x interquartile range) and the * are defined as an extreme outlier
(>3 x interquartile range)]. All outliers were included in the statistical analysis. Different lowercase
letters represent statistical differences between each time period at each temperature (p < 0.05, gener-
alized estimating equation, pairwise comparison with sequential Sidak correction, n = 6/temperature
and time.
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2.2. Total R and S-epimer Concentration

There was a time effect on the mean total R and mean total S-epimer concentrations
(MTRC and MTSC, respectively) at each storage temperature (p < 0.05). From the initial
analysis, the MTRC significantly increased by 19-87% at month one and two at room
temperature (p = 0.01, p < 0.001), +4 °C (p < 0.001, p < 0.001) and —20 °C (p = 0.007,
p <0.001). At month four, the MTRC was not significantly different from the initial analysis
at each temperature (p > 0.05). For the MTSC, at room temperature there was a 10% and
41% decrease in the MTSC from the initial analysis compared to month one (p = 0.006) and
month four (p < 0.001), respectively. At 4 °C, there was a 30% MTSC increase from the
initial analysis compared to month two (p < 0.001), and a 28% decrease compared to month
four (p < 0.001). At —20 °C, the only difference from the initial analysis was a 24% decrease
at month four (p < 0.001) (Figure 2).
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Figure 2. The concentration (ug/kg) of the total R-epimers and total S-epimers in natural ergot-
contaminated hard red spring wheat over time (month) at (A) room temperature (RT), (B) +4 °C, and
(C) —20 °C, analyzed utilizing high-performance liquid chromatography—tandem mass spectrometry.
[Box-plot: whiskers are defined at the minimum and maximum values, top of box is defined as
the 75th percentile, bottom of box is 25th percentile, and middle line is defined at the median. The
© are defined as outliers (>1.5 x interquartile range) and the * are defined as an extreme outlier
(>3 x interquartile range)]. All outliers were included in the statistical analysis. Different lowercase
letters represent statistical differences between each time period at each temperature for either the
total R-epimers (a—c) or total S-epimers (d—f) (p < 0.05, generalized estimating equation, pairwise
comparison with sequential Sidak correction, n = 6/temperature and time for each epimer.

2.3. Temperature Effects on Total, Total R, and Total S-epimer Concentration

The effect of storage temperature on the concentration of mean total ergot, mean
total R-epimers, and mean total S-epimers at each time period was analyzed (Table 1).
The MTEC was not different between temperature groups at month one (p < 0.05). At
month two, +4 °C and —20 °C had significantly higher MTEC than room temperature
(p <0.001 and p = 0.035, respectively). The same results occurred at month four. The MTRC
was not significantly different between temperature groups at each time period (p > 0.05).
With the exception of month two, the +4 °C group was significantly higher than the room
temperature and —20 °C groups (p < 0.001). The MTSC between temperature groups at
each time period demonstrated significant differences (p < 0.05). At month two and four,
the MTSC was significantly higher at the +4 °C and —20 °C temperature groups (p < 0.001),
compared to the room temperature group.
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Table 1. Effects of temperature at separate time periods on the mean concentration of total ergot, total
R-epimers, and total S-epimers in natural ergot-contaminated wheat analyzed with high-performance

liquid chromatography tandem mass spectrometry !.

Time (month)

Temperature
Q)

Mean Total Ergot Alkaloid
Concentration

Mean Total R-Epimer
Concentration

Mean Total S-Epimer
Concentration

Initial
1

Initial
Room
+4
-20
Room

749 + 131
797 + 65°
870 + 1322
827 + 140 °
859 + 972

1219 +210°
934 +175°¢
609 + 89 2
704 + 127 °
679 +113°

429 + 99
509 + 562
554 + 1142
509+ 100
570 + 76 °
802 +177°
597 + 1422
421 + 66 °
474 + 882
435 + 882

320 + 44
288 + 212
316 + 34 P
318 4 54 3
289 + 2542
417 +£41°
337 +48°¢
188 £ 272
230 + 46
245 +39°¢

(A)

1 Concentration (ug/kg) values are mean =+ standard deviation (n = 6). Different letters represent significant
differences between temperature groups at each time period. (p < 0.05, GEE, Pairwise Comparison, Sequential
Sidak correction, 1 = 6).

2.4. Individual Ergot Epimer Concentration

The concentrations of individual epimers analyzed at each temperature group over
time were assessed. Ergocristine and ergocristinine had the highest mean concentration
compared to the other epimers with an average of 34% and 17%, respectively, of the
total ergot concentration (Table S1). Since ergocristine and ergocristinine constituted the
greatest percentage of the total ergot concentration, the effects on their concentrations were
analyzed. Ergocristine appeared to have influenced the concentration of the total ergot
alkaloids to a greater extent, especially at +4 °C in month two, compared to the other ergot
alkaloids analyzed. The effects of storage temperature and time on the R and S-epimers
of all other analyzed ergot alkaloids are in the supplemental material (Figures S1-S5).
Following the analysis, it was determined that storage time and temperature had an
effect on the mean concentrations of ergocristine and ergocristinine (Figure 3). The mean
ergocristine concentration increased at month one and two, compared to the initial analysis,
independent of temperature (p < 0.003), and returned to the initial concentration at month
four. The mean ergocristinine concentration decreased at room temperature and +4 °C over
time (p < 0.005), with the exception at +4 °C in month two. At —20 °C, the concentration
did not change from the initial analysis until a decrease at month four (p < 0001).

(B)

: 8

Concentration (ng/kg)
?I

1 Eoin

RT

o

Epiimer

EIEl'gocristine
®)

Ergocristinine
He

Concentration (ug/kg)

800

it

3

]
>
5

5

+4°C

o
- oL
- @
—1
HE— 5
——
o

g
§

LE'(R)

Woimer
Epimer

[Ergocristine

[Ergocristinine
H

3

Concentration (ng/kg)
g 8
.9
-
=SS
——m

—r 2

[Ergocristinine
H ®)

[==2e)

T
Four

T T
One Two Four

Time (month)

T T T T
One Two Four Initial

Time (month)

T T T
One Two Initial

Time (month)

T
Initial

Figure 3. The concentrations (ug/kg) of ergocristine and ergocristinine in natural ergot-contaminated
hard red spring wheat over time (month) at (A) room temperature (RT), (B) +4 °C, and (C) —20 °C,
analyzed utilizing high-performance liquid chromatography—tandem mass spectrometry. [Box-
plot: whiskers are defined at the minimum and maximum values, top of box is defined as the
75th percentile, bottom of box is 25th percentile and middle line is defined at the median. The
° are defined as outliers (>1.5 x interquartile range) and the * are defined as an extreme outlier
(>3 x interquartile range)]. All outliers were included in the statistical analysis. Different lowercase
letters represent statistical differences between each time period at each temperature for ergocristine
(a—c) or ergocristinine (d-g) (p < 0.05, generalized estimating equation, pairwise comparison with
sequential Sidak correction, n = 6/temperature and time for each epimer.
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3. Discussion

Studies have found time or temperature to have an affect on the concentration of
ergot. Specifically, ergot alkaloid concentrations in ergot contaminated matrices have
increased [8,9], decreased [10,34], or have shown variation [1] after long term storage. In
the present study, the total ergot concentration increased until month two and decreased at
month four at all the temperatures evaluated. The total ergot concentration is not stable
under certain storage conditions. Previous studies assessing the total ergot concentration
have not assessed the effects of time and temperature on the R and S-epimers separately.
One study assessed individual epimer concentrations of harvested and shipped samples;
however, the temperature of the stored shipped samples was not provided and not all
six common ergot alkaloids were assessed [1]. Similar increases and decreases of the total
ergot epimers over time were observed.

The concentration of total ergot alkaloids after storage may vary due to the analysis
of not only the R-epimers but also the S-epimers of ergot alkaloids. An increase in the
total S-epimer concentration after long term storage has been suggested [8,12], potentially
associated with epimerization of the R-epimer to the S-epimer [1,12,35-38]. However, the
quantification and assessment of the S-epimers separately after storage for an extended time
at different temperatures was not assessed. The present study demonstrated an increase
in the total R-epimer concentration until month two, whereas the S-epimer concentration
mostly decreased or remained stable at all the temperatures. The results observed in the
current study do not suggest epimerization of the R-epimer to the S-epimer. The results
may suggest slight back epimerization of the S-epimer to the R-epimer over time. The S-
epimer concentrations may be more stable over time compared to the R-epimers at various
temperatures.

The concentration of specific ergot epimers vary with fungal strain, region, geographi-
cal location, year, and host grain type [2,19,39]. Similar to the present study, ergocristine
and ergocristinine were found in high concentrations in Canadian grain [1,18,40]. The
ergocristine/-inine concentration has previously been reported to be unstable in raw
material exposed to different temperatures [13,16]. In the current study, ergocristine con-
centration varied over time at each temperature, whereas ergocristinine concentration
was more stable, especially at —20 °C. Overall, the impact of time and temperature on
the ergocristine and ergocristinine concentrations is similar to the pattern observed with
the total R and total S-epimer concentrations. All six common R and S-epimers of ergot
alkaloids should be quantified in ergot contaminated samples since they have different
stabilities under the assessed storage conditions.

The rationale for the instability of the concentrations of the total, total R, total S,
and certain individual epimers is unknown. The reason for increase or decrease in the
concentrations is out of the scope of the present study. A hypothesis for a decrease in
concentrations may be related to the degradation of ergot alkaloids, which has been
previously observed [8,35-38]. The degradation may be associated with the formation of
ergot derivatives which can be catalyzed by oxidation, reduction, hydrolysis, and under
alkaline or acidic conditions [37]. Microbial activity has also demonstrated ergot alkaloid
degradation [8]. In the present study, samples were concealed in airtight tubes, which
could produce an anaerobic environment and result in degradation. Other factors such
as bacteria or other fungi in the samples may also contribute to the degradation of the
ergot alkaloids, which have been noted previously [4]. The samples in the present study
were covered in plastic, therefore light degradation should not have been a reason for
degradation. The rationale for the increase in concentration is less known. In the studies
that also observed an increase in total ergot concentration, this was attributed it to a
decrease in ergovaline, in which the ergovaline degradation products would be included
in the enzyme-linked immunosorbent assay (ELISA) method for quantification [8,9]. In
the present study, an ELISA was not used, therefore, the same rationale cannot be applied.
Another study observed a significant increase in total ergovaline after 28 days at —20 °C
for particular samples, however, no rationale or discussion was provided [7]. A hypothesis
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for an increase in concentration in the present study could be that the environmental
conditions of the samples, as mentioned above, would increase the extraction efficiency of
the specific epimer. However, this hypothesis is purely speculative and would need further
assessment and data to support it. The specific configurations of the R and S-epimers may
be more susceptible to degradation, epimerization, or extraction. The variability in the
concentrations is likely due to multiple factors.

Ergot contaminated samples are sent routinely to laboratories to determine the con-
centration of ergot alkaloids [25]. The EU Commission Recommendation on sampling and
analysis [41], which has been used to evaluate ergot-contaminated samples [5], reports that
storage temperature should not alter the contaminant composition, as such, it does not
recommend a specific temperature. A laboratory storage temperature of —20 °C has been
suggested so that the concentration of ergot alkaloids does not decrease [7], and this has
been implemented [3,42]. However, the suggested storage temperature was only examined
for a one-month period. The present study supports the concentration stability of total
ergot at —20 °C for one month. However, the total ergot concentration may change in the
following months. Since ergot concentrations are not stable under certain storage condi-
tions, time and temperature should be considered when storing natural ergot-contaminated
samples in laboratories. Under field conditions, certain storage conditions, such as —20 °C,
may not be recommended.

Management and environmental factors during storage in a field setting affect the
presence and production of mycotoxins [31]. Ergot contamination of cereal crops and
feed intended for selling or livestock consumption is an issue [2,3]. Ergot contaminated
matrices may be retained for months before they are utilized [2]. The present study
suggests that ergot alkaloids are not stable over time at various temperatures. Storage time
and temperature should be considered when storing potential ergot contaminated crops.
Changes in the concentration of ergot alkaloids due to storage conditions may affect the
quality of the grain or feed. Ergot contaminated samples should be analyzed prior to use to
ensure the most reliable estimate of risk assessment.

4. Conclusions

Storage time and temperature affect the concentration of total ergot concentration in
natural contaminated grain. Total R and S-epimer concentrations vary at specific tempera-
tures and time periods, and the concentration changes differ from one another. Ergocristine
and ergocristinine may influence the change in total R and total S-epimer concentrations
when exposed to the various time and temperatures. The current study does not explic-
itly demonstrate ideal storage conditions for ergot contaminated samples intended for
laboratory or agriculture practices. The rationale for the instability of the ergot alkaloid
concentrations is most likely due to multiple abiotic and biotic factors. Long-term storage
and various temperatures affect the concentration of ergot alkaloids; therefore, stored grain
should be analyzed prior to use to ensure the best ergot alkaloid concentration estimates.
Both the R and S-epimers of the six common ergot alkaloids should be quantified based on
varying concentration changes after storage. Storage time and temperature, associated with
ergot alkaloid contamination, should be considered for samples intended for consumption.

5. Materials and Methods
5.1. Sample Preparation

Hard red spring wheat contaminated with ergot (1 = 6) was obtained from the Cana-
dian Feed Research Centre (North Battleford, SK, Canada). The hard red spring wheat
were highly contaminated with ergot sclerotia and were therefore processed as described
in detail previously [43]. In summary, the ergot contaminated wheat was diluted with
clean wheat to obtain similar starting concentrations among the samples and to achieve
concentrations that are observed under practical agricultural situations. The prepared
ergot contaminated samples were ground (UDY Cyclone Sample Mill, Model #3010-060,
1 mm mesh, Fort Collins, CO, USA) and hand mixed to ensure a homogenized sample. To
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ensure a homogenous mixture, six replicates from each of the six samples were analyzed
for the concentration of ergot alkaloids. The standard deviation of the six replicates from
each of the six prepared samples was relatively low [43]. The starting mean concentration
of total ergot alkaloids from the six prepared samples was 841 & 92 ug/kg. From each pre-
pared ergot contaminated sample, 5 g were weighed(Sartorius BP2100 balance, Elk Grove,
CA, USA) and placed directly within a 50 mL plastic trace metal free centrifuge tube and
capped.

5.2. Pilot Study

A small pilot study was conducted using the samples to assess both the moisture
content of the samples and the ergot alkaloid concentrations following freeze and heat
drying. This pilot study was used to determine if moisture would have an effect on the
results of the present study. Two hard red spring wheat samples, with two replicates each,
were weighed (Mettler Toledo NewClassic ML204 balance, Mississauga, ON, Canada)
into 50 mL centrifuge tubes and capped. The weight for each sample and replicate was
approximately 5 g. This was repeated three times for the samples to be assessed, prior
to drying, after freeze drying, and after heat drying. For freeze drying, the centrifuge
tubes containing the samples had the caps replaced with Kimwipes and were secured with
elastic bands. The samples were placed into a freeze dryer (VirTis Genesis, SP Industries,
Warminster, PA, USA) at —20 °C, under vacuum (10-20 m Torr), for 24 h. For heat drying,
samples within the centrifuge tubes with the caps removed were placed into adrying oven
(Isotemp, Fisher Scientific, Waltham, MA, USA) at +80 °C for 24 h. All samples, including
the samples not exposed to drying, were re-weighed into centrifuge tubes and capped for
the total ergot alkaloid concentration analysis, which is described below.

5.3. Quantification

Concentrations of ergot alkaloids, ergocornine, ergocristine, ergocryptine, ergometrine,
ergosine, and ergotamine (R-epimers), along with the corresponding -inine epimers
(S-epimers) (Romer Labs, Tulln, Lower Austria, Austria), were measured in all the prepared
ergot contaminated samples using ultra-high-performance liquid chromatography—tandem
mass spectrometry (UHPLC-MS/MS) (ThermoFisher Scientific, Waltham, MA, USA) as
described previously [43]. Briefly, samples were extracted with acetonitrile:water (80:20)
and spun (Benchmixer Multi-tube vortex, Sayreville, NJ, USA). The supernatant was fil-
tered and placed into amber vials along with the internal standard, deuterated lysergic acid
diethylamide (Sigma Aldrich, Oakville, ON, Canada). Once the samples were dried down
using nitrogen gas (Multivap nitrogen evaporator, Organomation, Berlin, MA, USA ) and
reconstituted in methanol:water (50:50), they were ready for analysis. A C18 column was
used to separate the epimers. A triple quadrupole with electrospray ionization in positive
mode and selective reaction monitoring were used for the mass spectrometry analysis. The
method of analysis was validated and described in detail in Cherewyk et al., 2022 [43]. The
inter-day precision of the method was <24% relative standard deviation for all quantified
analytes.

5.4. Experimental Design and Statistical Analysis

An initial quantification (time zero) of the prepared ergot contaminated samples (1 = 6),
with two replicates to assess sampling variability, was conducted to serve as the reference
control. The initial reference control sample concentrations were within the standard
deviation of the starting mean concentration of the prepared samples. Sub-samples, from
each of the prepared ergot contaminated samples, with two replicates were placed at stable
room temperature (+22 °C), +4 °C, and —20 °C on the day of the initial quantification. All
sub samples used in this study were taken from the starting homogenous prepared ergot
contaminated samples. At one, two, and four months after the initial analysis, sub-samples
were removed from their respective temperature groups. The samples were analyzed for the
concentration of the six R and six S-epimers as described above. The measured values for
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the two replicates of each sub sample were averaged. There were six independent samples
repeatedly measured for each temperature and time group (n = 6/temperature/time). All
prepared ergot contaminated samples were covered with black plastic bags to minimize
exposure to light.

All statistics were conducted utilizing SPSS 23 (IBM SPSS Statistics for Windows,
version 23, IBM Corp., Armonk, NY, USA). A statistical analysis was undertaken using
generalized estimating equations (GEEs) with an identity link function and an unstructured
correlation matrix. The GEE was used to account for the repeated measures of samples
over time and multiple temperatures. The analysis was conducted on the mean total ergot
concentration, mean total R-epimer concentration, mean total S-epimer concentration, and
the mean concentration of each individual epimer. Total ergot concentration is defined as
all quantified epimers. Total R-epimer concentration and total S-epimer concentration are
the sum of the concentration of the six R and six S-epimers, respectively. Differences were
considered significant at p < 0.05. In the presence of a significant interaction between the
effects of time and temperature on the mean concentration, GEE was preformed to analyze
the effect of time at each temperature. Differences between temperature groups at each
time period were also assessed. Multiple pairwise comparisons with a sequential Sidak
correction were used to assess differences.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxins15080497/s1. The supplemental materials file includes
Figures S1-S5, the effects of time and temperature on the concentration of the other analyzed
individual R and S-epimers; and Table S1, the percentage of each individual epimer compared to the
total epimer concentration for each time and temperature group.
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Abstract: Aflatoxin B1 (AFB1) and Ochratoxin A (OTA) are considered the most important
mycotoxins in terms of food safety. The aim of this study was to evaluate the hepatotoxicity
of AFB1 and OTA exposure in Wistar rats and to assess the beneficial effect of fermented
whey (FW) and pumpkin (P) as functional ingredients through a proteomic approach. For
the experimental procedures, rats were fed AFB1 and OTA individually or in combination,
with the addition of FW or a FW-P mixture during 28 days. For proteomics analysis,
peptides were separated using a LC-MS/MS-QTOF system and differentially expressed
proteins (DEPs) were statistically filtered (p < 0.05) distinguishing males from females.
Gene ontology visualization allowed the identification of proteins involved in important
biological processes such as the response to xenobiotic stimuli and liver development.
Likewise, KEGG pathway analysis reported the metabolic routes as the most affected,
followed by carbon metabolism and biosynthesis of amino acids. Overall, the results
highlighted a strong downregulation of DEPs in the presence of AFB1 and OTA individually
but not with the mixture of both, suggesting a synergistic effect. However, FW and P have
helped in the mitigation of processes triggered by mycotoxins.

Keywords: proteomics; mycotoxin; bioactive compounds; in vivo; LC-MS/MS-QTOF

Key Contribution: The inclusion of bioactive ingredients (fermented whey and pumpkin)
mitigated liver damage in rats caused by 28 days of oral exposure to feed produced with
AFB1- and/or OTA-contaminated flours.

1. Introduction

Aflatoxin B1 (AFB1) and Ochratoxin A (OTA) are two major mycotoxins which con-
taminate a wide range of food commodities, especially cereals and derived products,
representing a serious concern for human and animal health [1]. These toxic compounds
are secondary metabolites produced by filamentous fungi that belong primarily to As-
pergillus and Penicillium species and grow on crops under conditions of improper storage
and humidity. Within the two, AFB1 is the most potent hepatotoxic and carcinogenic
member of the aflatoxin family whereas OTA is a nephrotoxic and immunosuppressive
compound. Due to their severe toxicity, AFB1 and OTA are classified by the International
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Agency for Research on Cancer (IARC) as a Group 1 carcinogen (carcinogenic to human)
and Group 2B carcinogen (possibly carcinogenic to humans), respectively [2].

Over the years, it has been demonstrated that these toxins are widespread in various
species of cereals such as wheat, maize, barley, and rice and can occur during pre-harvest,
post-harvest, or storage stages. In fact, diverse climatic factors including high humidity
and temperature markedly increase mold growth, leading to its contamination. Therefore,
the consumption of contaminated cereals and their derivatives, such as flour, breakfast
cereals, and processed food products, represents a significant health hazard, since these
toxins are stable even under cooking and processing conditions [3]. With regard to their
toxicological effects on humans, it has been demonstrated that long-term exposure to AFB1
and OTA can lead to several health disorders, among which is the onset of liver damage
and cancer [4,5].

Accordingly, the liver plays a central role in AFB1 and OTA metabolism. In fact, it
has been demonstrated that AFB1 is primarily bioactivated by hepatic microsomal phase I
cytochrome P450 enzymes, which are able to convert it into its electrophilic reactive epoxide
form (AFBO). Consequently, this metabolite form adducts to DNA and proteins, causing
mutations and promoting liver carcinogenesis. However, AFBO can also be metabolized
by phase II detoxifying enzymes, leading to its degradation and elimination [6]. Similarly,
OTA is biotransformed in the liver by phase I and II enzymes, but nonetheless, it is not the
sole organ to metabolize this toxin [7].

Given the broad presence of AFB1 and OTA in food commodities and especially the
difficulty of their elimination, the research has focused on the possibility of employing
substances capable of modifying their metabolism and reducing their bioaccumulation.
Lactic acid bacteria (LAB), for instance, are able to increase the quality of food matrices by
producing a rapid fermentation and synthesizing a wide range of beneficial molecules [8].
Among them, organic acids reduce the pH of the substrates, preventing growth of undesir-
able microorganisms such as mycotoxigenic fungi [9]. In addition to probiotics, plant-based
foods like pumpkin (P) (Cucurbita spp.) are rich in antioxidants, making them effective
in combating oxidative stress. In fact, they contain high levels of bioactive compounds
such as carotenoids, vitamin C, and phenolic compounds, which contribute to its strong
antioxidant capacity [10]. Moreover, these compounds help reduce chronic inflammation, a
factor in diseases like cancer and cardiovascular conditions, making pumpkin a valuable
dietary component for mitigating the harmful effects of environmental toxins. In this study,
fermented whey (FW) and P as functional ingredients were used either individually or in
combination to replicate a realistic scenario in the Mediterranean diet. Moreover, the intake
of a single functional compound is implausible as natural foods always contain numerous
bioactive compounds [11].

From the perspective of the food industry, the production of 1 kg of cheese generates
about 9 L of whey, almost half of which is disposed of as waste. This disposal, often
untreated, poses significant environmental problems [12]. Considering that whey offers a
promising solution to counter the harmful effects of mycotoxins, harnessing the bioactive
components of fermented whey not only solves whey disposal problems but also provides
a sustainable way to mitigate the associated risks, turning an environmental liability into
a valuable resource [13]. Moreover, several studies have focused on its hepatoprotective
effects against acute or chronic toxicity induced by xenobiotics [14-17].

It is also important to emphasize that the use of proteomics has proven to be a valuable
tool for deepening the understanding of the mechanisms of action that cause hepatotoxicity,
since it enables the identification and quantification of specific proteins associated with
toxic responses and protective pathways, which are derived from FW and P interventions.
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Furthermore, it is a key element for identifying important biomarkers related to various
liver diseases and even cancer [18,19].

In light of this, the aim of the present study was to investigate the advantageous role of
goat milk FW and P as functional ingredients in safeguarding the sub-chronic hepatotoxic
effects of AFB1 and OTA in male and female rats through a proteomics approach.

2. Results and Discussion
2.1. Identification and Quantification of Proteins

Gel-free shotgun proteomics analysis of rat liver was initiated by identifying peptides
features through Spectrum Mill MS Proteomics Workbench Package Rev BI1.07.09 (Agilent
Technologies, Santa Clara, CA, USA). Thereafter, the proteins with different abundances
between groups were statistically filtered by Mass Profiler Professional 15.0 version soft-
ware (Agilent Technologies, Santa Clara, CA, USA) through an unpaired t-test (p < 0.05)
distinguishing males from females of each experimental group. More specifically, each
group exposed to single or combined mycotoxins was compared with its counterpart
supplemented with functional ingredients, once with FW and once with FW + P, in order
to identify the DEPs involved.

In male rats exposed to mycotoxins (Figure 1A), 95 proteins were differentially ex-
pressed in the AFB1 group compared to the male control group, 67 with OTA versus
the control group, and 81 with the combination (AFB1 + OTA vs. control). In females
(Figure 1B), more DEPs were observed for each comparison: 134 were identified with AFB1,
101 with OTA, and 140 with the combination.

AFB1 Vs. Control OTA Vs. Control AFB1 Vs. Control OTA Vs. Control
(n=95) (n=67) (n=134) (n=101)

37
(16.4%)

A (n=81) =) (n=140)

AFB1+O0TA Vs. Control AFB1+OTA Vs. Control

Figure 1. Venn diagram representation of common DEPs for male (A) and female (B) rats exposed to
mycotoxins versus the control. p < 0.05 were significantly different from the control.

In male rats exposed to FW (Figure 2A), 116 proteins were differentially expressed in
the FW + AFB1 group with respect to the one with only AFB1, 71 with OTA versus OTA
group, and 122 with the combination (FW + AFB1 + OTA vs. AFB1 + OTA). In females
(Figure 2B), a similar scenario is observed: 104 were identified with AFB1, 77 with OTA,
and 115 with the combination.
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FW+AFB1 Vs. AFB1  FW+OTA Vs. OTA FW+AFB1 Vs. AFB1 FW+OTA Vs. OTA
(n=116) (n=71) (n=104) (n=77)

(A) (n=122) (B) (n=115)

FW+AFB1+OTA Vs. AFB1+OTA FW+AFB1+OTA Vs. AFB1+0TA

Figure 2. Venn diagram representation of common DEPs for male (A) and female (B) rats exposed to
FW and mycotoxins versus the corresponding mycotoxin. p < 0.05 were significantly different from
mycotoxins group.

In the presence of FW and P (Figure 3), the DEPs figure was higher than single FW
when mycotoxins were administered individually, reporting a number of 127 proteins for
males (Figure 3A) and 137 for females (Figure 3B) with AFB1 compared to 158 and 190
for males and females exposed to OTA, respectively. However, in the presence of both
mycotoxins, the number decreased to 145 for males and 162 for females.

FW+P+AFB1 Vs. AFB1 FW+P+OTA Vs. OTA FW+P+AFB1 Vs. AFB1 FW+P+OTA Vs. OTA
(n=127) (n=158) (n=137) (n=190)

93
(29.7%)

97
(29.1%)

(A (n=145) = (n=162)
FW+P+AFB1+0TA Vs. AFB1+0TA FW+P+AFB1+OTA Vs. AFB1+0TA
Figure 3. Venn diagram representation of common DEPs for male (A) and female (B) rats exposed to

FW + P and mycotoxins versus the corresponding mycotoxin. p < 0.05 were significantly different
from mycotoxins group.

2.2. Gene Ontology of Differentially Expressed Proteins

Functional annotation of the differentially expressed proteins (DEPs) was performed
using the DAVID database [20] in order to identify the most significant biological processes
(BPs) and molecular functions (MFs) involved in DEPs found in each comparison. The
feed exposure to AFB1 affected hepatic metabolism. Compared to control, it altered the
expression of urea cycle, glycolysis and gluconeogenesis, and amino acid biosynthesis
proteins, which is in line with the results found by Sun et al. (2019) that reported an
upregulation of proteins involved in cancer-related pathways of metabolism, amino acid
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biosynthesis, and chemical carcinogenesis [21]. Furthermore, it caused oxidative stress.
These results were mostly observed in females in which, besides Hsp70 overregulation,
Gpx1 and Sod1 downregulated expression was identified. Exposure to OTA feed causing
an altered response to oxidative stress was evident in both sexes. The effects were similar,
but the proteins involved were different, except for Prdx1 which resulted downregulation
in both sexes. Its downregulation has been associated with the activation of the PI3K/AKT
pathway and therefore the promotion of cancer [22]. In addition, ATP synthase F1 subunit
beta (Atp5f1b), an important protein for hepatic mitochondrial function, was significantly
downregulated as much in males as in females. Several studies demonstrated that the
reduction in its expression exacerbates mitochondrial dysfunction and oxidative stress [23].
When rats were fed with AFB1 + OTA, changes occurred in the expression of proteins
involved in metabolism such as the urea cycle, glycolysis/gluconeogenesis, and amino acid
biosynthesis as in the AFB1 case. In addition, oxidative effects were observed. Specifically,
in females, several antioxidant enzymes (Gtal, Gstm1, Sod1, and Cat) were downregulated.
Along with these findings, the downregulation of these enzymes has been associated with
the onset of diverse cancers [24,25]. Only after exposure to both mycotoxins did a reduction
in the expression of structural chromatin constituents occur. Reduced expression of these
components could have a negative effect on the maintenance of genome integrity.

After exposure to mycotoxins and the individual functional ingredient (FW), the
response to xenobiotic stimulus emerged as the most significant BP in both males (1 = 18 to
20) and females (1 =9 to 17) (Figure 4A,B).

Likewise, similar findings were observed when rats were exposed to both functional
ingredients (Figure 5). The response to xenobiotic stimulus was the most common biological
process in male (n = 18-20) and female rats (n = 9), though it was more pronounced in males.

According to that, it is well known that liver plays a crucial role in metabolizing and
detoxifying xenobiotics via phase I and phase II enzymes, and many of the proteins in-
volved are key players in the detoxification pathways activated by AFB1 and OTA exposure.
In fact, the upregulation of oxidative proteins suggests higher oxidative stress in the liver,
which could indeed be part of a positive feedback mechanism that the liver cells use to
maintain homeostasis. While these parameters may not directly reflect hepatotoxicity, they
offer valuable insight into the liver’s adaptive response to stress [26]. Among the proteins
affected, the most significantly altered were the mitochondrial enzyme involved in keto-
genesis Hmgcs2, glutathione S-transferases (Gstal, Gstm1, Mgst1l) which conjugate toxic
metabolites with glutathione to facilitate their excretion, and oxidative stress biomarkers
superoxide dismutase 1 (Sod1) and catalase (Cat). Moreover, heat shock proteins such
as Hspa8 and Hspd1 which protect cells from stress-induced damage were upregulated
with the combination of toxins (Log Fold Change (FC) > 2) but not with the individual
exposure (LogFC < —2). Additionally, enzymes implicated in energy metabolism and
cellular repair (Aldh9al, Adcy1) were strongly downregulated in the combined exposure
(LogFC < —1.80) but not in the single ones, suggesting a synergistic effect of the toxins.
According to that, previous studies confirmed the hepatotoxic modulation of xenobiotics
metabolizing enzymes in the presence of AFB1, but at the same time, the capacity of coffee
extracts to activate detoxifying enzymes for its degradation was demonstrated [27]. Like-
wise, the degradation of AFB1 was recently proven by employing diverse bacteria species,
as well as different waste products containing high amounts of phenolic compounds [28,29].
Moreover, the modulation of the xenobiotic transformation system induced by OTA was
involved in hepatic metabolism processes in vitro and in vivo [30,31]. However, as in this
case, it has been demonstrated that plant extracts and their bioactive compounds may act
by inducing xenobiotic detoxification and biotransformation pathways [32].
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Figure 4. Gene ontology (GO) functional annotation of differentially expressed proteins for biological
processes and molecular functions of male (A,C) and female (B,D) rats exposed to FW + AFB1, FW +
OTA, and FW + AFB1 + OTA compared with respective mycotoxins without functional ingredient.

The following foremost BP was related to liver development with both functional
ingredients and in the two sexes, reporting a number of 10 to 13 findings for males (Figures
4A and 5A) and 8 to 10 for females (Figures 4B and 5B). This biological mechanism is
essential for growth, differentiation, and maturation of the liver and is tightly regulated by
various signaling pathways and proteins that control cellular functions such as proliferation,
differentiation, and metabolic adaptation. In the context of mycotoxin exposure, proteins
such as Atp5f1b, UDP glucuronosyltransferase family 1 member A6 (Ugtla6), adenylate
kinase 2 (Ak2), and aldehyde dehydrogenase 9 family member Al (Aldh9al) and ornithine
transcarbamylase (Otc) were downregulated when the rats were exposed to mycotoxins
individually. Accordingly, diverse studies have reported the healthful effect of bioactive
components contained in food in the increase in cellular antioxidant defense systems at
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the hepatic level [33]. Therefore, these results indicate that the combined action of these
bioactive ingredients may actively participate in favorable mitigation processes. However,

when both AFB1 and OTA were administered together, the expression of these proteins

was notably increased, suggesting an adaptive response by the liver to counteract the

toxic effects and promote recovery. Additionally, BPs related to glutathione metabolism,

apoptotic processes, gluconeogenesis, response to nutrients, and circadian rhythm were
also affected, but in a lower manner. In terms of MFs (Figures 4C,D and 5C,D), identical
protein binding was the most enriched function in both sexes (n = 30 to 48), followed by
ATP binding (n = 18 to 34), enzyme binding (n = 11 to 20), and ATP hydrolysis activity

(n =10 to 20).
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Figure 5. Gene ontology (GO) functional annotation of differentially expressed proteins for biological
processes and molecular functions of male (A,C) and female (B,D) rats exposed to FW + P + AFB1, FW + P
+ OTA, and FW + P + AFB1 + OTA compared with respective mycotoxins without functional ingredients.

183



Toxins 2025, 17,29

To deepen these results, a heatmap was generated from the proteomic data to visually
represent the general changes in protein expression following exposure to AFB1, OTA,
and their combination (AFB1 + OTA) in the presence of FW or FW + P in both male and
female rats compared to control feed (Figure 6). The heatmap displays downregulated
proteins (green) and upregulated proteins (red), providing a clear overview of the proteomic
response to mycotoxin exposure across the different conditions. The detailed list of DEPs
altered in BPs is included in Supplementary Material Table S1 for male and Table S2
for female.
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Figure 6. Heatmap representation on the expression of DEPs involved in the main biological processes
after AFB1, OTA, and the combination (AFB1 + OTA) exposure in presence of FW or FW + P in male
(A) and female (B) rats compared to control. The red-to-green gradient represents the logarithmic
fold change value for upregulation (Log2FC > 0) and downregulation (Log2FC < 0), respectively.
Black box is 1og2FC = 0. p < 0.05 significantly different from the mycotoxin groups.

Steady outcomes were perceived in both sexes, revealing matching trends in protein
expression. When exposing rats to each mycotoxin separately supplemented with FW or FW
+ D, the preponderant part of proteins displayed a moderate downregulation (LogFC < —2),
particularly in the AFB1 group, hinting at the positive action of bioactive compounds
against the toxin. However, occasionally with OTA, a few proteins were upregulated,
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especially in males and with both ingredients. Differently, when rats were exposed to the
mycotoxin mixture, the expression profile outlined a significant upregulation (LogFC > 2),
particularly in the combined group (AFB1 + OTA + FW + P). This condition exhibited a
potential synergistic consequence of the two toxins, where the simultaneous exposure may
exacerbate the biological response compared to a single one. In line with that, numerous
investigations have previously reported an AFB1 and OTA additive effect in vivo and
in vitro, emphasizing the potential risk of their co-occurrence [34]. A recent metabolomic
study, for instance, reported a synergistic effect of AFM1 and OTA in mice livers, displaying
the alteration of metabolites related to oxidative stress [35].

2.3. Metabolic Pathways Analysis

Understanding the mechanism of action of pathways involved in the primary func-
tioning of the liver has helped to clarify the metabolic alterations that occur in the presence
of AFB1 and OTA and, notably, verify the beneficial role of the functional ingredients.
For this purpose, the KEGG visualization tool related to DEPs in this study allowed the
identification of the main processes altered in rats exposed to feed tainted with mycotoxins
and combined with FW or FW + P, reporting that the most significant signaling pathways
affected were predominantly linked to metabolic responses (Figure 7). In fact, these routes
showed the highest number of modified features, higher in males exposed to FW and AFB1
alone (1 = 54) or in combination with OTA (n = 52) whereas, in females, they were lower
with single mycotoxins (n = 34) than combined (1 = 52). In the presence of pumpkin, the
situation was reversed between the genders.
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Thermogenesis Female Biosynthesis of amino acids Female

AFB1

AFB1+OTA

Hepatocellular carcinoma
Biosynthesis of amino acids

AFB1

Chemical carcinogenesis (ROS)
Carbon metabolism

Carbon metabolism Metabolic pathways

60

Metabolic pathways — Hepatocellular carcinoma
Hepatocellular carcinoma HIF-1 signaling pathway
4 Motor proteins = Glycolysis / Gluconeogenesis
[5 Biosynthesis of amino acids O| Biosynthesis of amino acids
Carbon metabolism Carbon metabolism
Metabolic pathways ——— Metabolic pathways
Hepatocellular carcinoma — Hepatocellular carcinoma
HIF-1 signaling pathway g HIF-1 signaling pathway
Chemical carcinogenesis (ROS) Q Glycolysis / Gluconeogenesis
Carbon metabolism é Biosynthesis of amino acids
Biosynthesis of amino acids < Carbon metabolism
Metabolic pathways L Metabolic pathways
0 20 40 60 o 20 4
A) Protein number ®) Protein number

Figure 7. KEGG pathway visualization of significant signaling pathways in rats exposed to myco-
toxins in combination with fermented whey (FW) (A) or fermented whey + pumpkin (FW + P) (B)
feed related to the number of proteins involved compared with the exposure without functional
ingredients.

However, it is well known that the liver is the largest metabolic organ which plays
a specific role in digestion, metabolism, absorption, and transport of nutrients, biodegra-
dation of toxic compounds, and processing of various hormones and cytokines secreted
by the viscera [36]. Moreover, it is essential for the biosynthesis of amino acids (AAs) that
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serve as the building blocks for several key proteins as well as being the center of glucose
metabolism and fatty acid diverting [37]. In the present investigation, carbon metabolism
emerged among the most commonly altered pathways (Figure 7), along with biosynthesis
of AA, suggesting consequent disruptions in energy production besides cellular processes.
Indeed, one-carbon metabolic pathways aim to activate serine metabolism to glycine, the
glycine cleavage system (GCS), and the metabolism of choline and other amino acids. For
that reason, recent studies indicated that cancer cells may modify or become increasingly
dependent on these pathways in order to maintain the supply of carbon units which are
necessary for their proliferation [38]. Additionally, chemical carcinogenesis of ROS and
hepatocellular carcinoma were also impacted (1 > 10), particularly relevant given the liver’s
central role in metabolizing AFB1 and OTA.

Focusing once more on the overall expression of DEPs, the heatmap revealed a distinct
pattern in protein expression across the multiple groups. The detailed list of DEPs altered
in MPs is included in Supplementary Material Table S3 for male and Table S4 for femal.

In this case, when exposing rats to AFB1 + FW and AFB1 + FW + P, an extend
downregulation can be observed compared with AFB1 (Log < —1.6). Very small differences
between sexes were found in the downregulation trend observed with AFB1 exposure with
the inclusion of functional ingredients compared with the mycotoxins only. With OTA, the
downregulation trend can be observed more clearly when adding FW + P, especially in
females (Figure 8). Nonetheless, in the latter, an upregulation of certain specimens is also
displayed, reporting higher values in females (LogFC > 2.0) than in males (LogFC > 1.7).
Conversely, when both AFB1 and OTA were administered together, a clear upregulation
of proteins was observed, suggesting once again a synergistic effect between the two
toxins. Nevertheless, the increase in protein expression in response to combined toxin
exposure was slightly more pronounced in females (LogFC up to 4.7) (Figure 8A) than
in males (LogFC up to 4.5) (Figure 8B), further supporting the hypothesis of a stronger
synergistic effect in females. Thus, the contribution of FW or FW + P in the diet modulated
the toxic effects of AFB1 and OTA when they were administered singularly, highlighting
the potential for combined exposures to exert stronger effects than individual toxins.

Remarkably, several proteins identified through the proteomic analysis were linked to
the hepatocellular carcinoma (HCC) pathway, a key area of concern following exposure to
mycotoxins. In fact, HCC is a primary form of liver cancer which often results from chronic
exposure to various toxic agents and is the sixth most common malignancy worldwide [39].
In this study, several proteins involved in liver function and cancer development were
significantly affected by AFB1 and OTA exposure (Figure 9).

Among them, important members of the actin family such as beta actin (Actb), beta-
actin 2 (Actbl2), actin gamma 1-1 (Actgll1), and actin gamma 1 (Actgl) often dysregulated
in cancer were downregulated under exposure to individual mycotoxin and bioactive
ingredients, hinting at their helpful role. In fact, these actin monomers are fundamental for
cytoskeletal polymerization and integrity and are directly implicated in the maintenance
of assembly and turnover of diverse cellular processes [40] and were upregulated in male
and female rats after exposure to mycotoxins individually. Among them, Actb, Actgl, and
Actin 5 (Actb) were strongly upregulated after single administration (LogFC > 14).

Additionally, antioxidant response proteins belonging to the glutathione S-transferase
(GST) and NAD(P)H quinone oxidoreductase 1 (NQO) families were significantly down-
regulated in male and female rats, with LogFC < —2.6 for FW + AFB1 and LogFC < 1.8
with both functional ingredients. On the contrary, in the combined exposure (AFB1 +
OTA), expression was increased (LogFC > 2), as was the case in the single mycotoxin
administration of AFB1 (LogFC > 10), highlighting a shift in cellular signaling that could
favor tumorigenesis. In fact, GST is a key regulator of phase II enzymes which protect
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cells from oxidative stress in cancer [41], and herein, six types of GST-related proteins
were broadly altered: GSTal, GSTa2, GSTa3, GSTm1, GSTm2, and MGST1. Likewise, the
upregulation of NPQ1, as in this case, has been associated with human liver injury [42].
Overall, the expression of the abovementioned proteins, particularly in combination with
functional ingredients, could serve as potential biomarkers for liver carcinogenesis through
the identification of important targets for therapeutic intervention.
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Figure 8. Heatmap representation of the expression of DEPs involved in the main signaling pathways
after AFB1, OTA, and the combination (AFB1 + OTA) exposure in presence of FW or FW + P in male
(A) and female (B) rat livers compared with the expression after exposure to mycotoxins without
functional ingredients. The red-to-green gradient represents the logarithmic fold change value for
upregulation (LogFC > 0) and downregulation (LogFC < 0), respectively. Black box is log2FC = 0.
p < 0.05 significantly different from the mycotoxin’s groups.

The present study highlights significant sex-specific differences in the hepatic response
to mycotoxins (AFB1 and OTA) and their mitigation by bioactive compounds such as FW
and P. These differences were evident in the number of differentially expressed proteins
(DEPs), the biological processes (BPs) affected, and the pathways modulated under various
experimental conditions.
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Figure 9. KEGG pathway visualization showing key molecular events involved in the development
of hepatocellular carcinoma (HCC). The diagram highlights the critical signaling pathways, including
those related to cell cycle regulation, apoptosis, and metabolic alterations, which contribute to the
initiation and progression of liver cancer. Red stars indicate DEPs found in this study after AFB1 and

OTA exposure and bioactive ingredients.

Female rats consistently exhibited a higher number of DEPs compared to males
across all experimental groups. This disparity suggests a greater sensitivity of females to
mycotoxin-induced hepatic changes. For instance, in response to AFB1 exposure, females
exhibited 134 DEPs compared to 95 in males, while the combined AFB1 + OTA exposure
amplified this effect further (140 DEPs in females vs. 81 in males). These findings align with
previous reports suggesting that sex hormones may influence xenobiotic metabolism and

the oxidative stress response, potentially rendering females more vulnerable to hepatotoxic
effects [43,44]. The observed downregulation of key antioxidant enzymes such as Gpx1,
Sod1, and Cat in females further corroborates this hypothesis, as it indicates a diminished
capacity to counteract oxidative stress. In contrast, males displayed a more robust response
to xenobiotic stimuli, suggesting a higher activation of detoxification pathways mediated

by phase I and phase Il enzymes.

Supplementation with FW or FW + P exhibited protective effects in both sexes, though
the mechanisms and extent of mitigation differed. The response to xenobiotic stimuli
emerged as a predominant biological process in males (1820 proteins involved) compared
to females (9-17 proteins), reflecting a sex-dependent variation in detoxification capac-
ity. Conversely, females demonstrated a greater modulation of oxidative-stress-related
pathways and metabolic processes, including amino acid biosynthesis and the urea cycle.

Interestingly, the combination of FW and P enhanced the mitigation effects, with a
higher number of DEPs observed in both sexes compared to FW alone. For instance, FW + P
supplementation in AFB1-exposed females resulted in 137 DEPs, compared to 127 in males.
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These findings suggest a synergistic effect of FW and P in modulating hepatic responses to
mycotoxins, particularly in pathways related to cellular repair and antioxidant defense.

Combined exposure to AFB1 and OTA exacerbated the hepatotoxic effects, particularly
in females, as evidenced by a more pronounced upregulation of proteins (LogFC up to
4.7 in females vs. 4.5 in males). This suggests a synergistic interaction between the two
mycotoxins that overwhelms the hepatic defense mechanisms, especially in females. The
adaptive response observed in females, characterized by an increase in structural chromatin
proteins and metabolic enzymes, may represent an effort to counteract the heightened toxic
burden. However, this response appears to be less effective compared to the more stable
protein expression profiles observed in males.

3. Conclusions

Proteomics studies of Wistar rats exposed to AFB1 and OTA with the addition of
FW and P have highlighted their ability to counteract the negative effects of mycotoxins
on hepatic responses, particularly in detoxification and development processes. More-
over, metabolic alterations induced by these toxins evidenced a significant variation in
carbon metabolism and biosynthesis of AA, included in the liver’s main functions. Interest-
ingly, important biomarkers implicated in HCC were positively modulated by functional
ingredients in both males and in females, but only with mycotoxins individually.

Based on these findings, the presence of FW or FW + P as functional ingredients in
food may play a significant role in modulating toxic responses of mycotoxins, though
further analysis is needed to fully elucidate the protective mechanisms.

4. Material and Methods
4.1. Reagents

For feed preparation, wheat flour, water, salt (NaCl), and sugar (sucrose) were acquired
from a commercial market in Valencia, Spain. Aspergillus flavus ITEM 8111 was purchased
from the Agro-Food Microbial Culture Collection of the Institute of Sciences and Food
Production (ISPA, Bari, Italy) whereas Aspergillus steynii 20,510 was obtained from Spanish
Type Culture Collection, CECT, Science Park of the University of Valencia (Paterna, Valencia,
Spain). Goat milk whey coagulated by commercial rennet (starter culture R-604) was
purchased from the ALCLIPOR society, S.A.L. (Benassal, Spain) while pumpkin used in
this study was purchased from a supermarket (Valencia, Spain). It was peeled, the seeds
removed, cut, and freeze-dried to then grind and obtain a homogeneous powder.

For protein precipitation, extraction, and digestion, ethanol was supplied by Sigma-
Aldrich (St. Louis, USA), and dithiothreitol (DTT) with a purity of 99%, Trizma® hydrochlo-
ride, Tris-HCl with a purity of 99%, and trypsin were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Thiourea, purchased from Thermo Fisher Scientific (Kandel, Ger-
many), and urea obtained from FEROSA (Barcelona, Spain) were used to prepare the lysis
buffer used in protein digestion. Furthermore, iodoacetamide (IAA) with a purity of 98%
was obtained from ACROS OrganicsTM, Thermo Fisher Scientific (Princeton, NJ, USA).

Finally, for proteomics analysis, methanol was supplied by Sigma-Aldrich. Acetonitrile
(AcN) LC/MS-grade OPTIMA® (>99.9% purity) was supplied by Fisher Chemical (Geel,
Belgium). Formic acid (>98%) was obtained from Sigma-Aldrich. Deionized water (<18,
MQcm resistivity) was obtained using a Milli-Q water purification system (Millipore,
Bedford, MA, USA).

4.2. In Vivo Experimental Design

Male and female Wistar rats (weighing between 260-340 g) were obtained from the
pharmacy animal facility at the University of Valencia, Spain. At the beginning of the study,
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rats were housed in polycarbonate cages in a windowless room with a 12 h light/dark
cycle. The room conditions were carefully controlled to meet the species’ requirements,
with a temperature of 22 °C and relative humidity maintained between 45-65%. To ensure
sterility during the procedures, nitrile gloves and FFP3 masks were worn when handling
the animals or contaminated samples. This study was approved by the Animal Care and
Use Committee of the University of Valencia (2021/VSC/PEA /0112).

After seven days of acclimatation, a total of 120 Wistar rats were divided into 12 groups,
each consisting of 10 rats (5 males and 5 females) for the corresponding feeds. Among
them, four test groups received mycotoxins individually or in combination, four were fed
FW-contaminated feed, and the other four FW-P-containing contaminated feed. For the
feeds containing functional ingredients, 35 g of FW and P were added to each during the
preparation. This amount represents 1% (w/w). The control group was fed uncontaminated
feed. The experimental conditions related to mycotoxin doses and their respective standard
deviations are reported by [45].

The doses of aflatoxin B1 (AFB1) and ochratoxin A (OTA) used in the study were
calculated based on the levels in the contaminated feed and the rats” daily intake: AFB1
dose varies from 176 to 387 nug/kg body weight per day, depending on the experimental
group and sex of the rats. The dose of OTA ranged from 162 to 552 ug/kg body weight
per day, with females generally receiving higher doses than males due to differences in
feed intake relative to body weight. These doses were derived from feed containing AFB1
and OTA at concentrations of approximately 4.3-5.2 pug/g for AFB1 and 5.4-8.8 ug/g
for OTA and were adjusted for body weight and feed consumption to reflect realistic
exposure scenarios.

After 28 days, rats were sacrificed following isoflurane inhalation and organs were
stored at —80 °C.

4.3. Protein Extraction, Reduction, Alkylation, and Digestion

Protein extraction was initiated using 50 mg of liver tissue which was homogenized
in MilliQ-H,O using an Ultra Turrax (IKA T10 standard). Afterwards, proteins were
precipitated twice by adding 2 mL of cold ethanol to each sample, bringing the final volume
to 2.5 mL. Samples were then centrifuged at 4.000 rpm, 4 °C for 15 min, the supernatant was
discarded, and the pellets were resuspended in 500 uL of H,O. Protein concentration was
determined using a NeoDot UV /Vis Nano Spectrometer(ref) in order to standardize the
concentration to 1 mg/mL to start the digestion. Subsequently, samples were resolved in
200 pL of lysis buffer (8 M urea/2 M thiourea/50 mM Tris-HCI) and underwent reduction
and alkylation by adding solutions of DTT and IAA at a concentration of 200 mM and
pH 7.8, prepared with MilliQ-H,O and 0.4 M Tris stock buffer (pH 7.8, Tris base/MilliQ-
H,0). To break disulfide bonds, samples were incubated with 5 pL. of DTT 200 mM for
1 h at 60 °C in a ThermoMixer C (Eppendorf). Samples were then incubated for 30 min
at 37 °C to alkylate protein cysteine residues with 20 pL of IAA. Finally, trypsin enzyme
(1 mg/mL) was added to start peptide digestion which was carried out overnight at 37 °C.
After that, the reaction was stopped by adding acetic acid 5% (pH 5) and filtered prior to
LC-MS/MS-Q-TOF injection.

4.4. Identification and Quantification of Proteins Through LC-MS/MS-Q-TOF

Two technical replicates of each biological sample (50 ng/mL) were injected into an
LC system (Agilent 1200 LC) coupled to a triple quadrupole time-of-flight (Q-TOF) mass
spectrometry (Agilent 6540 UHD) system using a C18 RP AdvanceBio capillary column
for 2.7 um, 120 A, 2.1 x 150 mm peptide mapping. The method previously developed
by [28] was followed. Briefly, a nonlinear gradient of 40 min at a flow rate of 0.2 mL/min
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was utilized. Two different phases were used in the process: phase A (H,O in 0.1% formic
acid) and phase B (acetonitrile in 0.1% formic acid). The elution gradient starts with 3%
phase B for 1 min and increases to 40% at 21 min. In the next 3 min, it reaches 95% and was
maintained during 1 min; Afterwards, it decreases to 3% for 6 min and maintained in the
last 8 min. The experimental conditions were repeated three times independently.

4.5. Statistical Analysis and Bioinformatics

The software Spectrum Mill MS Proteomics Workbench Package Rev B.06.00.201
(Agilent Technologies) was used to process the chromatographic spectra. This software is
capable of analyzing data from high-quality spectra, reducing false positives, and identify-
ing proteins and peptides by matching them with the UniProt database. Entities were then
sorted by their frequency of occurrence across all replicates within each experimental group
following the MS/MS parameters previously retrieved and verified by [46]. Afterwards,
the identified proteins were statistically filtered by using Mass Profiler Professional (MPP)
software v15.0 (Agilent Technologies) and differences between the experimental mycotoxin
and the control group were assessed using an unpaired f-test with Benjamini-Hochberg
adjustment. Results with a FC > 0.7 and a p-value < 0.05 were considered statistically
significant and checked for the bioinformatics analysis, including the features which corre-
sponded to the UniProt accession codes for Rattus norvegicus. Finally, the BPs, MFs, and
metabolic pathways associated with these proteins were explored using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID). Graphical representations of
the data were created with GraphPad Prism software version 8.0.0 (San Diego, CA, USA).
The Venn diagram for DEPs was generated using the Venny 2.1 interactive tool [47].

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/toxins17010029/s1, Table S1: DEPs obtained through statistical analysis comparing male
rats exposed to mycotoxins and FW (AFB1+FW, OTA+FW, AFB1+OTA+FW) or FW+P (AFB1+FW+P,
OTA+FW+P, AFB1+OTA+FW+P) versus the corresponding mycotoxin (AFB1, OTA, AFB1+OTA)
related to biological processes. Values represent the Log2FC. Table S2: DEPs obtained through
statistical analysis comparing female rats exposed to mycotoxins and FW (AFB1+FW, OTA+FW,
AFB1+OTA+FW) or FW+P (AFB1+FW+P, OTA+FW+P, AFB1+OTA+FW+P) versus the corresponding
mycotoxin (AFB1, OTA, AFB1+OTA) related to biological processes. Values represent the Log2FC.
Table S3: DEPs obtained through statistical analysis comparing male rats exposed to mycotoxins and
FW (AFB1+FW, OTA+FW, AFB1+OTA+FW) or FW+P (AFB1+FW+P, OTA+FW+P, AFB1+OTA+FW+P)
versus the corresponding mycotoxin (AFB1, OTA, AFB1+OTA) related to metabolic pathways. Values
represent the Log2FC. Table S4: DEPs obtained through statistical analysis comparing male rats
exposed to mycotoxins and FW (AFB1+FW, OTA+FW, AFB1+OTA+FW) or FW+P (AFB1+FW+P,
OTA+FW+P, AFB1+OTA+FW+P) versus the corresponding mycotoxin (AFB1, OTA, AFB1+OTA)
related to metabolic pathways. Values represent the Log2FC.
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