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Abstract: Mycotoxins are toxic secondary metabolites produced by filamentous microfungi on
almost every agricultural commodity worldwide. After the infection of crop plants, mycotoxins
are modified by plant enzymes or other fungi and often conjugated to more polar substances, like
sugars. The formed—often less toxic—metabolites are stored in the vacuole in soluble form or
bound to macromolecules. As these substances are usually not detected during routine analysis
and no maximum limits are in force, they are called modified mycotoxins. While, in most cases,
modified mycotoxins have lower intrinsic toxicity, they might be reactivated during mammalian
metabolism. In particular, the polar group might be cleaved off (e.g., by intestinal bacteria), releasing
the native mycotoxin. This review aims to provide an overview of the critical issues related to
modified mycotoxins. The main conclusion is that analytical aspects, toxicological evaluation, and
exposure assessment merit more investigation.
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1. Introduction

Mycotoxins are toxic secondary metabolites produced by fungi [1-3]; however, the
biological meaning is more restrictive and indicates all the toxic substances produced by
food “molds” that cause intoxication in animals, including livestock and humans, after
ingestion (mycotoxicosis) [4]. In many cases, mycotoxins can be produced by fungi directly
on the plants during vegetation and are already present in agricultural commodities at the
time of their collection. Others are produced during storage or technological processes.

A renewed interest in fungal metabolites began after the turkey X disease in the
1960s, leading to the finding of other compounds called mycotoxins in various plant
products and reconsidering compounds isolated and characterized since the 1930s and
1940s during research on antibiotics. Currently, several hundred mycotoxins are known;
however, most of them are toxic metabolites that form in laboratory conditions with a
very low probability of being found as natural contaminants. Indeed, many toxigenic
fungi are not food colonizers or show limited synthetic capabilities. Therefore, only a few
mycotoxins have been found in foods, and only a few have been irrefutably associated with
mycotoxicosis [5].

Nevertheless, the widespread occurrence and remarkable intrinsic toxicity (including
carcinogenicity—aflatoxins and ochratoxin A and endocrine disruption—zearalenone) of
the main mycotoxins make them a severe global issue for public health and food security.
Mycotoxicosis was considered more common in developing world areas; however, cli-
mate change is increasingly bringing mycotoxin contamination to industrialized countries,
including the European Union [6].

During the mid-1980s, several animals’ mycotoxicosis was not correlated to the feed
mycotoxin content [7,8]. These new findings have highlighted that regulated mycotoxins
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are not the primary source of exposure to these toxins [9]. These new-found toxins are
metabolites of mycotoxins and deserve consideration as well. Metabolites can have different
origins; they may be biosynthetic precursors (i.e., upstream of the formation of the main
mycotoxin), metabolites, or degradation products of the “parent” compound through
different pathways: (a) by the fungus itself that spreads them in the host [10]; (b) as a by-
product of the metabolism of the hosts (by metabolism in plants, animals, and humans) [10],
including the action of the host’s microbiome [11]; and (c) they may have been formed
abiotically through the chemical reaction of the parent toxin with the matrix during food
processing [12,13]. In many cases, the metabolite exists as a conjugated (extractable)
derivative or as a non-extractable bound association (covalently or not) with polymeric
carbohydrate or protein matrices [12]. These latter ones justify the former denomination of
“masked” (or also “hidden”) mycotoxins since they are difficult to screen in food and feed
samples [8,13-15]. Modified mycotoxins include both extractable conjugated forms and
bound (non-extractable) forms. Bound mycotoxins are covalently or non-covalently tied
to polymeric carbohydrate or protein matrices [12]. After possible decomposition during
digestion, the free toxin can be released, resulting in mycotoxicosis [16]. The domain of
modified mycotoxins includes a large and diverse array of free, conjugated, and matrix-
associated metabolites. According to different authors [10,14] and in agreement with
international and national food safety bodies, including the Italian National Food Safety
Committee, we will use the general term “modified” mycotoxins in this paper.

Notwithstanding the growing attention toward modified mycotoxins, limited eligi-
ble data is currently available on modified mycotoxins, their stability, properties, and
conversion from one form to another during processing [17]. Based on the analysis of
state-of-the-art knowledge on their origin, occurrence, and toxicity, our paper intends
to highlight critical issues for risk assessment and further research on the occurrence of
masked mycotoxins, their stability, properties, and conversion from one form to another
during processing.

2. Modified Mycotoxin Origin

Modified mycotoxins can be generated by plants in defense of the parasitic fungus that
produces mycotoxins or by the fungus that spreads them in the host [10]. Some studies have
shown the possibility that modified mycotoxins are produced during metabolic processes in
animals and humans and during food processing [12,18-21]. Therefore, a distinction should
be made between the origin and the modifications encountered by modified mycotoxins.
The primary source is related to plant and fungus metabolism, whereas the secondary
source is related to fungi and animals (including humans), mammalian metabolism, and
food processing.

Plants can metabolize xenobiotic compounds, including mycotoxins, as part of their
defense against pathogens [22].

Modified mycotoxins arising from plant host activity are the most widespread. They
are produced via enzymatic detoxification processes, converting mycotoxins into more
polar metabolites, which are transported into vacuoles for further storage or conjugated
to biopolymers such as cell wall components [13,14]. Fusarium infection usually occurs
in the field (in contrast to Aspergillus or Penicillium infections); the Fusarium mycotoxins
deoxynivalenol (DON), zearalenone (ZEA), fumonisin B1 (FB1), T-2 Toxin, HT-2 Toxin, and
nivalenol (NIV) are the most prominent targets for conjugation.

Plants can convert trichothecenes and zearalenone into polar derivatives after conju-
gation with sugars, amino acids, or sulphate groups [22].

Phase I reactions consist mainly of hydrolysis, reduction, and oxidation. The most
prevalent reactions involve the cytochrome P450 monooxygenases (P450), which convert
lipophilic toxins by oxidation to hydrophilic (excretable) metabolites [23]. Hydrolysis
is catalyzed by esterases and amidases and can serve as a detoxification or activation
mechanism governing mycotoxin selectivity or resistance [24]. The plant specificity of
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esterase varies dramatically among species and biotypes. Moreover, the compounds from
phase I reactions could have even higher toxicity [25].

Phase II is mainly characterized by conjugation; the enzymes involved can act on
phase I compounds with covalent binding [19]. The main enzymes are glucosyl-, malonyl-,
and glutathione-S-transferases (GSTs) [25]. These reactions led to non-toxic or less-toxic
chemicals than the parent compound.

GSH (v-glutamyl-cysteinyl-glycine) is plants’ second primary detoxification mecha-
nism [26]. The conjugation compounds are highly polar and hydrophilic and contain a side
group with two carboxyls, an amine group, two peptide bonds, and a thiol.

The conjugated mycotoxins follow different metabolic patterns. GSH conjugates lead
to products that differ from the parent toxicant; epoxides, lactones, or aldehyde groups
form irreversible derivatives, whereas glucosyl compounds can be reversed by numerous
glycosidases in plants and the digestive systems of animals.

It was observed that the level of modified mycotoxins after GSH conjugation in plants
could increase after herbicide treatments stimulated the biochemical reaction [13].

After conjugation, the compounds are stored in the vacuoles (Phase III) or are irre-
versibly bound to the cell wall. Thus, detoxification products are concentrated and stored
in the plant tissue.

Fusarium mycotoxins (DON, ZEA, T2, HT2, and NIV) are the primary targets for
phase II conjugation reactions with monosaccharides, glutathione, or sulphates [19].

Zearalenone-4-glucoside (ZEA4G) and deoxynivalenol-3-glucoside (DON3G) have
been detected in naturally contaminated wheat [27,28]. Oligoglycosylated DON was
reported in beer, malt, and bread [29]. T-2-glucoside (T-2-G) and HT-2-glucoside (HT-2-G)
were detected in naturally contaminated wheat, oats, and maize [28,30].

Glucoside conjugates of fusarenon-X (FUSX-G) and nivalenol (NIV-G) were found in
artificial wheat with Fusarium spp. [10,31]. Type A trichotecene glucosides, neosolaniol-
glucoside (NEO-G), and diacetoxyscirpenol-glucoside (DAS-G), were found in maize
powder [32]. Contaminated wheat showed the presence of DONGSH [33]. DON3S and
DON15S are obtained by sulphatase conjugation or glutathione S-transferase [34,35].

Ochratoxin A (OTA) metabolism in plants studied in in vitro trials revealed two princi-
pal metabolites, (4R)- and (45)-4-hydroxy-OTA; moreover, 3-glucosides were characterised
for both isomers [36,37].

Among fungal conjugates, 3-acetyl-deoxynivalenol (3A-DON) and 15-acetyldeoxynivalenol
(15A-DON) have been characterised in cereals contaminated with F. graminearum [19,38].
These compounds are biosynthetic precursors of DON, and subsequently a UDP-
glucosyltransferase trichothecene specific converts DON into DON3G [19,39]. Fusarenon-X
conjugate, a precursor of NIV, was found in infected maize [19]. The saprobic Rhizopus
fungus can metabolize ZEA to ZEA14S [19].

Mammals can conjugate mycotoxins before excretion. DON and ZEA glucuronides
and sulphate have been reported recently [40-43]. Urine samples and human and animal
liver microsomes showed the presence of D3GIcA and D15GIcA [44,45]. Other authors
reported the presence of OTA-acyl-GlcA, OTA-phenol-GlcA, and OTA-amino-GlcA glu-
curonides excreted via urine as OTa-acyl-GlcA and OT a-phenol-GlcA in urine samples [46].

3. Occurrence of Modified Mycotoxin

Modified mycotoxins have been found in food and feed, predominantly those that are
cereal-based. The most frequently identified modified mycotoxin belongs to the family of
the fusariotoxins and are 3-linked glucose-conjugates of deoxynivalenol, nivalenol, HT-2
(DON3G, NIV3Glc, HT2Glc), zearalenone (ZEA14G, «-ZEL14G, 3-ZEL14G), zearalenone-
14-sulphate (ZEA14S), and fumonisins-esters (Table 1) [19,47-50].
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Table 1. Commonly modified mycotoxins.

Toxin Family Free Form Modified Mycotoxin Food and Feed Occurrence
ZEA14G; ZEN148DG; ZEA maize, wheat bran, grains,
Zearalenone (ZEA) 4-3-D-glucopyranoside; ZEA grain-based food (breakfast

2,4-O-B-diglucoside; ZEA148DGp; ZEA14S;

palmitoyl ZEA

cereals, bread, bakery wares);
and vegetable oils

Deoxynivalenol (DON)

DONB3G; DON, 3-3-D-glucopiranoside

DON 3-acetyl; DON 15-acetyl

wheat, maize, oats, barley,
beer, breakfast cereals, and
snacks

corn, wheat, and rye grain,

Fusarium DON glutathione (DON-GSH);
. wheat and oats
sulpho-conjugates
NIV3G; NIV 3-acetyldeoxy; NIV
Nivalenol (NIV) 15-acetyldeoxy; wheat and corn
NIV 4-acetyl; NIV 4,7-dideoxy
Fumonisin (FB) HFB1, N-acyl-HFB1 corn
T—2—3a—gluc951de; HT—Z-S—glucosmle; wheat and oats
Trichothecenes palmitoyl tricotecolone
NEO-G; DAS-G maize
Aspergillus/Penicillium Ochratoxin A (4R)- and (4S)-4-hydroxy-OTA; and tomato, potato, maize, carrots,

-glucosides wheat, soybean, and paprika

ZEA-16-3-D-glucopyranoside (ZEA16G), a novel modified ZEA metabolite, together
with - and 3-ZEL14G conjugates (20-100% of free ZEA), were found in bread and breakfast
cereals [22,51-53].

Animal feed naturally contaminated with ZEA showed the presence of the sulpho-
conjugate ZEA14S with unique trends of mycotoxin occurrence within cultivars and local
weather [54]. Other modified mycotoxins conjugated with single-sugars such as di-, tri-,
and tetra-glucosides, mixed disaccharides, and malonyl-glucosides have been characterized
for DON, T2, HT2, and ZEA [22,29,32,55].

DONB3G has been found in wheat, maize, oats, and barley, and the resultant beer, break-
fast cereals, and snacks, at relative molar proportions of 20-70% of free DON and at a con-
centration ranging from 2-1700 mg/kg in naturally contaminated wheat [13,56-59]. Fusar-
ium head blight-resistant wheat produced uncharacterized products from 14C-labelled
DON more effectively than susceptible wheat cultivars [60]. A survey from the Czech
market showed a higher presence of DON3G than DON [61]. Similar results were found in
Belgium [56].

Moreover, DON glutathione (DON-GSH) and sulpho-conjugates were found in in vitro
trials on wheat and oats [33,53,54,61,62]. In addition, DON—glutathione and its processing
products, DON-S-cysteine, DON-S-cysteinyl-glycine, and DON-malonylglucoside, were
found [61]. Fusarium graminearum-inoculated or DON-treated wheat showed the pres-
ence of DON-3-sulphate and DON-15-sulphate [62]. Afterwards, other biotransformation
products such as DON-hexitol were characterised (e.g., mannitol), DON-di-hexoside (e.g.,
glucose), 15-acetyl-DON-3-3-D-glucoside, and a DON-glutathione derivative missing two
protons [35].

Fumonisin protein conjugates have been detected in maize foods; however, conjugates
with starch, pectin, hemicellulose, cellulose, and lignin could be theorised, even if their
exact composition is still unknown [63].

NIV3G (12-27% of NIV) and fusarenon-X-glucoside (FUSX-3-G) have been reported
in wheat [31], as have T2Glc and HT2Glc in wheat and oats [64].

Trichothecenes glucosides type A neosolaniol-glucoside (NEO-G) and diacetoxyscirpenol-
glucoside (DAS-G) were detected in maize powder [32].
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(4R)- and (45)-4-hydroxy-OTA and their 3-glucosides were found in vegetables con-
taminated with OTA [27].

The limited data indicate that modified mycotoxins make up a significant fraction of
the overall burden of mycotoxin contamination in foods and feeds, particularly concerning
cereals’ fusariotoxins.

4. Impact of Environmental Conditions on the Development of Modified Mycotoxins

Environmental conditions affect the development of mycotoxins and mycotoxicosis.
Environmental changes are related to crop production, seasonality, and climate modifi-
cations. Fungi can modify their behavior to adapt to different situations. In particular,
other environmental conditions could lead to a different susceptibility of crops to fungi
contamination; stressed maize and figs showed more A. flavus contamination. Moreover,
climate change could affect the ability of fungi to contaminate foods.

The increased global air and water temperatures and the melting of natural snow and
ice stocks will affect the food supply chain and possibly create a more comfortable environ-
ment for fungal development. Fusarium prefers temperate weather ranging from 26-28 °C
and water activity (aw) > 0.88, whereas Aspergillus flavus needs warm temperatures.

Facing climate changes, humans will have to deal with increased atmosperic CO,,
increased rainfall, desertification, and sudden changes in temperature and humidity, which
will affect crop resistance and mycotoxin-producing fungi behavior. The increase in fungi
pollution at temperatures and relative humidity ideal for mycotoxin production could
increase parent and masked mycotoxins, setting a severe alarm on food contamination and
human safety.

5. Fate of Modified Mycotoxins

Emerging knowledge has established that fungi can metabolize mycotoxins to produce
modified mycotoxins. Moreover, these compounds can be degraded during food processing
or reconverted to the parent compound during digestion [65,66]. During food processing,
chemical hydrolysis, fermentation, and germination processes can lead to the release or
generation of modified mycotoxins [13].

5.1. Fungi Metabolism

Fungi can have the ability to metabolize mycotoxins produced by mycotoxigenic fungi.
The saprobic Rhizopus fungus can turn ZEA into zearalenone-14-sulphate (ZEA14S) [19].
In vitro studies showed the ability of Rhizopus and Aspergillus orizae strains to convert ZEA
into ZEA14S, ZEA-O-14- and ZEA-O-16-glucoside. Moreover, x-zearalenol (x-ZEL) and
a-ZEL-sulphate were detected [67].

5.2. Food Processing

The wide range of processes at the industrial level involving mechanical or thermal
energy can generate unpredictable reactions with sugars, proteins, and lipid molecules or
cause the release of the free forms after decomposition. Cereal-based foods are produced
via a sequence of operations that depend on the by-products and could lead to enhanced
or reduced levels of DON and NIV [68]. The so-called “fumonisin paradox” hypothesises
the presence of “bound” or “hidden” fumonisins to explain the toxic effects of low-level
contaminated food [69].

Roasting of OTA-contaminated foods leads to conversion to the R stereoisomer
14R-ochratoxin A and 14-decarboxy-ochratoxin, OTA-glucose ester, OTA-methyl-x-D-
glucopyranoside ester, and OTA-cellobiose ester [70,71]. FB decreases with reducing sugars
during Maillard-type reactions and is consistent with the formation of N-carboxymethyl
fumonisin B1 (NCM-FB1) and N-deoxyfructosyl fumonisin B1 (NDFFB1) [72,73]. In con-
trast, the hydrolyzed form of fumonisin B1 formed by cleavage with carballylic moieties
was detected in the production of tortillas in South America [74].
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Heat and fermentation are the treatments that most influence the formation of mod-
ified mycotoxins. A significant increase of DON3G has been found in fermented malt
during malting and brewing, along with DON di-glucosides, tri-glucosides, and acetylated
DON forms (A-DONSs) [20,75]. Moreover, baking increases DON3G concentration until
enzyme inactivation [76,77]. Furthermore, during steamed bread processing, DON3G was
reconverted to DON [78].

Coffee roasting causes the formation of OTA degradation products, such as 14R-
ochratoxin A and 14-decarboxy-ochratoxin [14,70,79]. The thermal reaction can also lead
to coffee polysaccharide esterification, producing OTA-glucose ester, OTA-methyl-o-D-
glucopyranoside ester, and OTA-cellobiose ester. Moreover, 2'R-ochratoxin A (2'R-OTA)
was detected during the thermal processing of coffee and bread [80].

The ratio HFBs/FB was higher in processed products (cornflakes, snacks) than in
flour or raw popcorn grains [49]. FB hydrolysation and stability were heavily influenced
during extrusion and nixtamalization, depending on pH and baking conditions [81,82].
During gluten-free bread making, FBs were found physically entrapped in a different
macromolecular structure, such as starch [83].

5.3. Insect Metabolism

Insect-derived proteins are increasingly considered potential ingredients in foods and
feed [84]; hence, it is relevant to consider the fate of mycotoxins in insects. The relationship
between insects and fungi is governed by an optional mutualism, where insects spread
the conidia and the fungi enhance the larval diet, improving its growth. Moreover, the
damage caused by insects can predispose plants to being colonised by mycotoxin-producing
fungi [85]. Herbivorous and helpful insects can be affected by mycotoxins [86,87], but they
can also metabolise them [88]. This behavior was reported for Amyelois transitella and
Helicoverpa zea concerning A. flavus [89-91].

The insect detoxification system involves mainly the P450s in Clade 3 and is inde-
pendent of the taxonomic origins of the toxin [92,93]. Moreover, prior induction can
enhance their detoxification capacity when larvae are in contact with phytochemicals or
pesticides [89,94].

The larvae of D. melanogaster showed attraction to and fed on Aspergillus nidulans fun-
gal colonies producing sterigmatocystin [95]. The analysis showed that the P450 pathways
were related to the metabolism of xenobiotics. Hermetia illucens subjected to AFB1 showed
an increase in the P450 gene families and converted up to 60% of aflatoxicol and aflatoxin
P1, which can have a genotoxic potential [46,96].

5.4. Digestion Metabolism

The behavior of modified mycotoxin after ingestion is still a question with many
uncertainties. DON, ZEA, and OTA glucuronides and sulphates conjugates have been
found in mammals’ biological fluids after contamination [41,44,46,97].

The metabolism of mycotoxins in mammals and birds is linked to specific cytochrome
P450s, particularly in family CYP3 and subfamilies CYP1A and CYP2A. Mammalian form
mycotoxin conjugates in the liver before excretion via urine [13]. Sarkanj et al. established a
dose-response relationship in pregnant women from Croatia, and conjugates could be used
as biomarkers of exposure to mycotoxins [97]. Glucuronidation and sulphation are the most
accepted methods of detoxification for fumonisin. However, it is not entirely demonstrated
that these lead to a decrease in the toxic effect [98]. DON-3-glucuronide (DON3GA), and
DON-15-glucuronide (DON15GA) have been characterised in urine samples and human
and animal liver microsomes [44,96,99]. OTA and OT« undergo glucuronidation, leading
to OTA-acyl-GlcA, OTA-phenol-GlcA, OTA-amino-GlcA, OTa-acyl-GlcA, and OT a-phenol-
GIcA [100]. OTA ethyl ester (OTC) was rapidly converted to OTA after oral administration
to rats [101].

Moreover, liver microsomes from humans, pigs, and rats are capable of metabolising
OTA into (4R) and (4S) hydroxy OTA [102-104]. The type of metabolite and the amount of
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excretion are influenced by animal species, sex, age, enterohepatic recirculation, and OTA’s
binding to serum macromolecules. These are different for urine and faeces [104,105]. A
significant fraction of OTA is bound to serum macromolecules, representing an internal
reserve that can be released over time [106]. Ruminants are much less sensitive to OTA
than non-ruminants; the rumen microbiota was found effective in reducing the level of
mycotoxins [107,108]. However, a recent study observed that the detoxification process
could differ among the various mycotoxins and rumen conditions. The mycotoxins may
remain intact without degrading [109]. Biomonitoring studies on the blood pollution of
high coffee drinkers showed high exposure to 2'R-OTA; however, no data were found
concerning its metabolic pathway [110].

Bioavailability studies on ZEA in swine showed that x- and 3-ZEL glucuronides are
completely absorbed after oral administration. ZEA14G was less than 61%, suggesting com-
plete pre-systemic hydrolysis; ZEA-4-3-D-glucopyranoside was completely hydrolyzed to
zearalenone and «-zearalenol [8].

The microbiome role has yet to be thoroughly investigated but is likely to be impor-
tant [11]. The human microbiota influences the conjugation binding in DON3G, ZEA14G,
and ZEA14S, releasing DON and ZEA in the intestinal tract [111,112].

ZEA-14G, a-ZEL-14G, and glucuronic acid (GlcA) conjugates were observed in plasma
after intravenous injection of x-ZEL and x-ZEL-14G. The low oral bioavailability of «-
ZEL-14G and ZEN-14G cannot rule out the possibility of causing toxic responses after
hydrolysis [113]. The calculated elimination rates of x-ZEL and x-ZEL-14G showed low
retention of these compounds in the body [114].

In vitro studies showed the introduction of a hydroxyl group in «-ZEL-14G, enhancing
the polarity, promoting the elimination, and decreasing the toxicity [20].

The preferred biochemical pathways of x-ZEL-14G are represented by GlcA conjuga-
tion, dehydrogenation, and hydrolysis. In vitro liver microsomes of animals and humans
showed a Phase Il metabolism that produced ZEN-14G and (3-ZEL-14G from «-ZEL-14G
obtained from the Phase I system. Moreover, this compound could lose the glucose by hy-
drolysation, yielding «-ZEL, which could be dehydrogenated into ZEA and, subsequently,
GIcA conjugated, forming different metabolites [114].

Dehydrogenation and subsequent GlcA conjugation of x-ZEL-14G can lead to 14-
GlcA-a-ZEL-14G, o-ZEL-14G-7-GlcA, and «-ZEL-14G-16-GlcA [115].

Urine and faecal samples collected after oral administration on swine showed the
absence of «-ZEL, x-ZEL-14 G, and their metabolites. In faeces, after 24 h, significant
glucuronic acid conjugates of «-ZEL and o-ZEL-14G were identified probably related
to the enterohepatic circulation [116,117]. The species-specific aspects of metabolism at
the ribosomal level led to glycosylated metabolites in monogastric animals (rat, chicken,
pig, and humans) that were different from those produced in ruminants, as reported in
studies on gastrointestinal enzymes and «-zearalenol [3,20,113]. The favorite binding site
for glucuronidation was C-16 in the liver microsomes of rats, chickens, swine, and humans.
In ruminants (goats and cows), GlcA bound at C-7 and C-14, forming «-ZEL-14G-7-GlcA
and, to a lesser extent, a-ZEL-14G-GIcA [115].

DONB3G was stable in in vitro studies with hydrochloric acid and human enzymes.
However, lactic acid bacteria showed the ability to partially release DON. Moreover, DON
occurs after incubating DON3G with human faeces [49,112].

The metabolism of DON3G in chicken, rats, and swine showed notable differences; in
the intestinal tract of swine and rats, it was completely hydrolysed, absorbed as DON, and
excreted as glucuronide, whereas in chicken it is less absorbed and is mainly conjugated
with sulphate [118-120].

T-2 and T-2-3x-glucoside (T2-G) in chicken showed a greater bioavailability of the
glycosylated mycotoxin; no hydrolysed compounds after oral or intravenous administration
of T2-3-O-o-Glcp were observed in blood samples [121]. In vitro studies showed the
resistance to digestion in the upper gastrointestinal tract of T2-3-O-«-Glcp, whereas the o
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and £ anomers were degraded in human colon microbiota conditions [47,122]. The limited
data avoids drawing conclusions on the stability of T2-Glcp and HT2- Glcp in humans.

6. Analysis of Modified Mycotoxins

The availability of valid analytical methods for identification and quantification is
the basis for the exposure assessment [12,22]. This step is deeply influenced by the ab-
sence of analytical standards and a wide variety of modified mycotoxins with changed
physicochemical properties leading to modified chromatographic behavior. LC-MS/MS
represents the most reliable and widely used analytical technique for mycotoxins; these
methods can quantify modified mycotoxins along with their parent forms, which are effi-
cient but very expensive for routine analysis [18,123]. The National Reference Laboratory
(LRN) of Mycotoxins has developed and validated an analysis method for the separation
and determination of modified forms of DON, namely 3A, 15A-DON, and DON3G in
cereal-based products [123]. Fiby et al. reported a new LC/MS method for determin-
ing 3A and 15A-DON, and DON3G using a stable isotope dilution assay [124]. Many
reviews investigated the analytical methodology for mycotoxin determination in different
matrices [125]. However, the methods for detecting modified mycotoxin are still lacking,
and the mycotoxin content of samples containing these compounds could lead to their
underestimation by HPLC or LC-MS/MS methods (Table S1).

The analytical approach addresses two aspects: the qualitative analysis of the com-
pounds as they are and the quantitative analysis performed after hydrolysis to their parent
using enzymes or acidic or alkaline conditions to break the conjugation bond. The quantita-
tive answer is given for the parental compound and the modified mycotoxin through the
difference between the two analyses. Most works dedicated to analytical determinations are
addressed to DON and ZEA [126,127]. In addition, some authors stated the inconsistency
of acid hydrolytic cleavage to determine DON in cereal from DON3G [128]; on the contrary,
-glucosidase was more performant [129].

In addition, mycotoxins are not homogeneously distributed in the matrix, and the
sample should be carefully taken to have detailed data [4,130]. Moreover, the extraction
and clean-up steps used for mycotoxins have not proved efficient for modified compounds.
Modified mycotoxins in the same sample could be soluble in hydrophilic or lipophilic
solvents; furthermore, their affinity with the SPE purification stationary phase could be
completely different. There are currently no monoclonal antibodies specific to modified
mycotoxins.

Immunochemical methods showed a discrete ability to detect modified mycotoxins
due to the cross-reactivity of antibodies towards them, even if the epitopes could have been
modified or destroyed and were not recognised by the antibodies.

Furthermore, the ELISA methods do not require the clean-up step and seem to account
for part of the modified mycotoxin concentration not proving to be fully reliable (high
cross-reactivity and lack of reactivity) [131].

7. Toxicology

In order to characterise a mycotoxicosis, a dose-response relationship between the
active compound (the parent mycotoxin and metabolites sharing the toxicological effect)
and the disease should be defined. When human populations are involved, epidemiological
studies are required. Moreover, animal models can confirm suspected human mycotoxico-
sis [1]. Environmental monitoring in food, air, or other samples and biological monitoring
in tissues, fluids, and excreta constitute exposure assessment and can thus integrate myco-
toxicosis studies. In particular, biomonitoring studies evaluate aggregate exposure, which
takes into account the overall intake through the diet and any non-food environmental
exposures. Biomonitoring is especially important in risk assessment as it helps put into
relationship indicators of the internal exposure (the dose present in the body) with early
indicators of disease, biomarkers of exposure, and biomarkers of effect, respectively [132].
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Even if mycotoxin exposure is more likely in developing countries, specific subgroups
may be vulnerable to mycotoxin exposure also in industrialised countries, depending on
their eating habits; for example, Hispanic populations in the United States consume more
maize products than the rest of the population and can be subjected to a higher uptake
of mycotoxins [133]. Moreover, exposure to mycotoxin residues is likely to increase in
industrialised countries due to climate change. Many modified mycotoxins identified
in vivo and in vitro trials are still not corroborated by toxicity studies because a general
interest in their toxicological properties is relatively recent. Currently, the evidence mainly
involves the reconversion of DON3G to DON and ZEA-S to ZEA by the microbiota of the
intestinal tract [112].

It is generally believed that mycotoxin levels and toxicity have been underestimated
precisely because of the modified mycotoxins. However, the toxicity of modified mycotox-
ins is usually considered lower than that of their parent compounds in terms of potency;
their toxicity could also be qualitatively similar to the parent compound. For example,
DONB3G binds to the ribosome to a lesser extent than DON, resulting in a highly dimin-
ished inhibition of protein synthesis [134]. Moreover, ZEA14G does not fit entirely with
the estrogen receptor, being less estrogenic than ZEA [135]. However, the consideration
of Berthiller et al. [13] is still largely valid, asserting that insufficient evidence exists to
compare the toxicological potencies of modified mycotoxins with their parent molecules.

Another source of uncertainty is represented by the limited data on modified myco-
toxins during digestion and in the intestinal tract. In addition, the microbiota can reconvert
it in the parent compound or even into compounds with increased toxicity and/or bioavail-
ability [19,20].

Nevertheless, the reconversion issue is potentially severe, as shown by human biomon-
itoring data on the fusariotoxins ZEA and DON. High urinary levels of ZEA and its
metabolites x-and (3-ZEA have been found in heavy consumers of maize, with substantial
differences depending on the climatic and environmental conditions that favour fungal
contamination of food [136]. Evaluation of the same biomarkers in a cohort of 60 adults in
Germany showed urinary levels of x-ZEL, higher than the parental compound [137]. Del-
lafiora et al. clearly showed high toxicological concerns related to zearalenone-14-glucoside,
which is prone to conversion to toxic compounds (i.e., zearalenone and both isomers of
zearalenol) when exposed to breast cancer cell cultures [18].

A pilot study on twenty volunteers subjected to a restricted cereal diet for four days
and then to the oral administration of a single dose of 1 ug/kg bw of DON or DON3G
showed that the modified forms must be considered together with the parental compound
in the exposure assessment [138,139]. A study conducted on 200 healthy volunteers be-
longing to six groups of consumers (children, adolescents, adults, elderly, vegetarians,
and pregnant women) from three European countries (Italy, Norway, and the United
Kingdom) [123] showed that deoxynivalenol glucuronide (DON-GIcA) represents up to
80% of total DON, thus representing the primary metabolic form in human urine. The
de-epoxide form (DOM-1) was detected at low concentrations in only 12% of the samples
of the Norwegian volunteers and 1.5% of the Italian ones. In contrast, it was not present
in the UK samples. Hence, modified mycotoxins can make up a significant fraction of the
mycotoxin toxicological burden.

8. Modified Mycotoxins and Risk Assessment: Critical Issues and Uncertainties

The consideration of modified mycotoxins in risk assessment suffers from considerable
uncertainties. The crucial question is whether and to what extent the modified mycotoxins
contribute to the toxicologically relevant exposure associated with the parental mycotoxin
in realistic exposure scenarios. In this respect, two pathways can be identified.

First, the toxicity of modified mycotoxins equals that of the parent compound, albeit
with a lower potency. In this case, the critical issue is the quantification of modified
mycotoxins in foods and organisms to refine the human exposure assessment.
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Second, modified mycotoxins can provide a source, or reservoir, of the parent com-
pound; such reconversion to the parent compound is also possible during digestion [13].
The Aflatoxin Bl metabolite, aflatoxicol, is a potential reservoir in the organism of the
highly hepatotoxic and carcinogenic parent, Aflatoxin Bl [140]. In this case, the critical
issue is the reconversion rate in real-life situations.

Both pathways indicate that consuming contaminated food by humans or animals
leads to exposure to both the parental compound and the modified forms, hence a combined
exposure that needs to be assessed through an evidence-supported conceptual framework.

Similar considerations motivate the precautionary approach adopted by EFSA, which
has considered modified mycotoxins relevant for risk assessment for human and animal
health. Two scientific opinions on food and feed have been published: zearalenone deriva-
tives, nivalenol, T-2/HT-2 toxins, and fumonisins [10], deoxynivalenol [141], as well as two
on feeds regarding ZEA [142] and fumonisins [143].

Based on the limited data available, EFSA considers an additive effect of the metabolite,
assigning the same toxicity as the respective parental compounds [10]. Most of the work
on modified mycotoxins is focused on DON3G and ZEA14G, and only a few studies
investigate other compounds.

EFSA stated that the additional contribution of modified mycotoxins represents, com-
pared to parental compounds, 10% for trichothecenes, 30% for DON and nivalenol, 60% for
fumonisins, and 100% for zearalenone. Hence, the endocrine-disrupting (estrogenic) ZEA,
including the modified forms, represents a doubling of the exposure; a significant increase
is also estimated for fumonisins.

Therefore, the overall contamination of the food and the consequent exposure to the
consumer (compound parental + modified) can increase significantly, especially for ZEA,
fumonisin, and DON. EFSA estimated that including modified mycotoxins in exposure
would lead to a significant (2-3 times) exceeding of the TDI (Tolerable Daily Intake) val-
ues of fumonisins and DON for high consumers (95th percentile) of food-based cereals,
especially for children. However, the risk may be overestimated due to the numerous
uncertainties addressed with precautionary assumptions [141].

Additionally, when assessing animal health, ZEA should be considered in conjunction
with its modified forms [113,143].

Another paper estimated the exposure to modified mycotoxins with an increase of
10% for DON and its metabolites, 36% for ZEA, and 48% for the sum of T-2/HT-2 toxins
in infants and children fed with cereal-based products; notwithstanding the increased
exposure estimates, values are 2-3 times lower than the tolerable daily intakes [144].

Overall, the combined exposure to multiple modified mycotoxins with possible addi-
tive or synergistic effects represents a further aspect of being considered in risk assessment
and deserving appropriate studies following the evaluation methodology used in pesticide
cocktails [145,146].

9. Conclusions

Beyond the toxicological harms established by known mycotoxins, ‘modified myco-
toxins’ represent a new level of complexity when assessing toxicity and developing an
evidence-based risk analysis. Experimental and real-life evidence showed many modified
mycotoxins in food and feeds. The number and type of modified mycotoxins are a function
of different environmental, biological, chemical, and chemical-physical variables.

The available data, however, indicate that the modified mycotoxins DON, ZEA, and
fumonisin B are obvious priorities due to their toxicity and potential exposure to humans
and animals.

In consideration of the differences observed between the animal species, including
humans, the evaluation of biotransformation and bioavailability is a crucial aspect on
which further data and studies are needed, identifying patterns more appropriate as well
as considering the possible interactions with the microbiome.
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It must be stressed that modified mycotoxins can become a severe problem for farm
animals that are often fed cereal-based feeds. Feed ingredients could contain modified
forms after harvest. After the material is ingested and broken down in the intestinal tract,
the mycotoxin is released from the glucose and can regain its previous toxicity. Such an
effect ultimately compromises animal health, performance, ROI (Return on Investment),
and financial viability of animal producers. Human nutrition and welfare might also
be affected, as animal mycotoxicoses can impair the production and quality of foods of
animal origin.

Unfortunately, no sufficient toxicokinetic and toxicodynamic studies are available to
reveal possible hazards or risk assessments of modified mycotoxins compared with the
parent mycotoxins. Therefore, it is still impossible to perform a proper risk assessment
for modified mycotoxins in food due to the lack of data on exposure and toxic properties.
Risk assessors should mainly pinpoint the most relevant data gaps and the associated
research needs.

One central data gap concerns detection. Although there are numerous LC/MS/MS
analytical methods for determining modified mycotoxins in cereals, validated analytical
standards are still lacking, making it impossible to carry out routine monitoring of food
and feed products.

All these variables and the scarcity of experimental data are among the leading causes
of the current uncertainty regarding human exposure.

Dose additivity based on convergence on effects associated with some functional
events can be hypothesised, at least for combined exposure to fusariotoxins. The exper-
imental basis is entirely insufficient, but the available data would suggest a scientific
approach similar to the one adopted by the EFSA for the evaluation of pesticide cocktails,
i.e., considering additivity based on similar toxicological effects. In this sense, combining
data on biochemical events and toxic effects at the cellular, organ, and organism level
through the description of an Adverse Outcome Pathway (AOP) is a valuable tool for
associating effects to exposure and elaborating risk assessment.

Based on the available data, the glycosidic forms of the mycotoxins identified as
priorities (e.g., DON, ZEA) should be included in the dietary exposure assessment of
these mycotoxins and in judging the fitness of food for consumption. All modified and
unmodified mycotoxins should then be evaluated together with their combinations.

Recognising the toxicological relevance of modified mycotoxins in food commodities
is a new challenge that should be considered by the respective regulatory bodies, food
manufacturers, and monitoring authorities to protect consumers” health.

Efforts should be made to commercialise major modified mycotoxin testing devices so
that the mycotoxin analysis in the feed could explain most animal toxicity. Recent research
shows that the mycotoxin-binding concept alone will not be able to manage the adverse
effects of all mycotoxins. More research is needed to understand if feed additives intended
as binders act on modified mycotoxins similarly to the parent mycotoxin.

Finally, scientists, regulators, and policymakers should remember that the mycotoxin
issue is a frontline one: research shows climate change to be one of the main drivers of
mycotoxin diffusion worldwide.
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