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Abstract: Fusariotoxins are mycotoxins produced by different species of the genus
Fusarium whose occurrence and toxicity vary considerably. Despite the fact avian species
are highly exposed to fusariotoxins, the avian species are considered as resistant to their toxic
effects, partly because of low absorption and rapid elimination, thereby reducing the risk of
persistence of residues in tissues destined for human consumption. This review focuses on
the main fusariotoxins deoxynivalenol, T-2 and HT-2 toxins, zearalenone and fumonisin B1
and B2. The key parameters used in the toxicokinetic studies are presented along with the
factors responsible for their variations. Then, each toxin is analyzed separately. Results of
studies conducted with radiolabelled toxins are compared with the more recent data obtained
with HPLC/MS-MS detection. The metabolic pathways of deoxynivalenol, T-2 toxin, and
zearalenone are described, with attention paid to the differences among the avian species.
Although no metabolite of fumonisins has been reported in avian species, some differences
in toxicokinetics have been observed. All the data reviewed suggest that the toxicokinetics
of fusariotoxins in avian species differs from those in mammals, and that variations among
the avian species themselves should be assessed.

Keywords: deoxynivalenol; T-2 toxin; zearalenone; fumonisin Bl; avian species;
toxicokinetics; transfer

1. Introduction

Fusariotoxins are mycotoxins produced by different species of the genus Fusarium whose occurrence
varies markedly depending on the toxin and the fungi responsible for their synthesis, as well as on
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temperature, moisture, and presence of crop pests [1]. The toxicity of fusariotoxins also varies strongly
depending on the toxin, the animal species, and counteracting strategies have been developed [2,3].
Recommendations by the European commission (EC) lay down maximum levels in human food and
animal feed, and the recent opinions of the French food safety agency (AFSSA), the European food
safety authority (EFSA) and joint FAO/WHO expert committee on food additives (JECFA) can be
consulted [4—13]. Among animal species, pigs are highly sensitive to DON and zearalenone, whereas
horses are among the most sensitive species to fumonisins, and T-2 toxin is highly toxic for cats.
In contrast, avian species are generally considered to be resistant to fusariotoxins, which is explained
either by their low sensitivity to the mechanisms of toxicity of fusariotoxins or by differences in
toxicokinetic properties. Indeed, it is generally accepted that absorption of fusariotoxins by avian species
is limited and that their elimination is rapid, thereby reducing the risk of toxicity and persistence in
tissues. Consequently, human exposure to fusariotoxins through consumption of poultry meat and eggs
is considered to be negligible compared with exposure through the consumption of cereals.

The purpose of this review is to present toxicokinetic and the persistence of fusariotoxins in the tissues
of avian species. We focus on DON, T-2 and HT-2 toxins, zearalenone and fumonisins B1 and B2
(Figure 1) for which sufficient data and maximum recommended level in feed by the E.C. are available
for avian species [5]. First, we present the key parameters and some of the factors held to be responsible
for their variations in different studies. Next, each toxin is reviewed, with a brief discussion of new data
and questions about their toxicokinetics, metabolism and persistence in tissues that still remain to be
answered. Because both the physical and chemical properties of fusariotoxins vary considerably
depending on the toxin concerned, each toxin is analyzed individually.
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Figure 1. Fusariotoxins with maximum recommended level by the E.C. in feed for avian species.



Toxins 2015, 7 2291

2. Toxicokinetics

The use of toxicokinetic parameters for the analysis of absorption and persistence of toxins in tissues
is helpful for the comparison of studies [14]. These parameters are divided into four categories:
Absorption, distribution, metabolism and elimination (ADME). Absorption refers to the amount and
time needed for a toxin to reach the plasma from its route of administration. The two most important
parameters to measure absorption are Cmax, the maximum concentration of toxin in plasma, and Tmax,
which is the time of occurrence of Cmax. When the toxin is administered by the intravenous (iv) route,
absorption is 100%. Absolute oral bioavailability (F) can be calculated by dividing the area under the
concentration-time curve (AUC) observed after iv administration by the AUC observed after oral dosing.
Bioavailability refers to the systemic exposure of the body and makes it possible to extrapolate parenteral
and oral exposure, to reveal differences between species, and, to a lesser extent, to predict the risk of
persistence in tissues (risk of residues). However, it does not provide any information on the metabolism
of the toxin or on the systemic exposure of the body to metabolites. Distribution refers to the localization
of the toxin in the body. It is measured by the volume of distribution (Vd), which is calculated from the
dose administered, the AUC, and the elimination of the toxin. Wide distribution often implies high
systemic exposure and long tissue persistence. Metabolism refers to the biochemical transformation of
the toxin by drug metabolizing enzymes, which can increase or decrease toxicity. Major variations have
been observed between species in their ability to metabolize a compound. These differences are often
cited to explain interspecies differences in toxicity. Because metabolism changes the structural form of
the toxin, it is considered to be one step in the process of elimination, even when the metabolite formed
is toxic and persists for a long time in tissues. Elimination refers to the disappearance of the toxin from
the body. Elimination can be the result of metabolism or direct excretion of the toxin in body fluids (bile,
urine). Excretion into the egg can be considered as a kind of elimination. The terminal elimination
half-life (T1/e1im), which can be calculated from the last portion of the time-concentration curve of the
toxin in plasma, the mean residence time (MRT), which can be calculated from the AUC, and the
clearance (Cl), which can be calculated from the MRT, are representative parameters of elimination.
Rapid elimination is generally associated with a limited ability to accumulate and low persistence in tissues.

The ADME parameters depend to a great extent on how the toxins are administered and dosed. In the
1980s, most studies were performed using radiolabelled mycotoxins, and radioactivity was then
measured in biological fluids and tissues, whereas most recent studies are performed after
chromatographic separation and spectrometric analysis of the toxins. The two approaches produced
different results. Whereas the use of radiolabelled compound enables measurement of the toxin and its
metabolites, with no distinction made between them, chromatographic methods enable specific analysis
of the mycotoxin administered and of its metabolites. The results obtained with radiolabelled
fusariotoxins should be interpreted after analysis of the exact position of label, to be sure that the
mycotoxin and its metabolites are being measured and not compounds formed during the course of
advanced degradation. Conversely, when the results are obtained by spectrometric analysis, one must
assume that not all the metabolites are being measured, since metabolites for which no standard is
available are usually not measured. A second source of difference between studies is the way the toxin
is administered. Whereas the measurement of radioactivity in tissues does not require purification of the
samples, for spectrometric analysis, purification of the samples is an important step. The administration



Toxins 2015, 7 2292

of the toxin in the feed leads to the concomitant absorption of nutriments—especially triglycerides—in
plasma, which interfere in the analysis. For that reason, some spectrometric studies are conducted after
solubilization of the toxin and direct administration into the animal’s crop, outside the normal feeding
time. This form of administration generally results in marked differences in Tmax and Cmax in plasma and
may also affect absolute bioavailability. A third difference between studies is related to the limit of
detection (LOD) and quantitation (LOQ). Of course, highly sensitive methods enable fine analysis of
tissue distribution and persistence that are critical for the determination of Ti/2¢lim, MRT, and clearance.

Another key factor that needs to be take into account is exactly what is dosed. Most studies conducted
with radiolabelled mycotoxins have shown very high concentration of radioactivity in the bile fluid,
suggesting high absorption of the toxin from the gut and rapid elimination by the liver. This phenomenon
can lead to recirculation of some compounds that are then again absorbed from the gut. Some metabolites
that are more polar than the parent compound are excreted rapidly and not found in tissues, whereas
other less polar metabolites are more persistent in tissues than the parent compound. New data enable a
better understanding of metabolism, which is important not only in the analysis of toxicokinetic
parameters, but also because of differences in toxicity. To evaluate their potential impact, the metabolic
fate of these metabolites in the digestive tract of humans should thus be assessed.

3. Deoxynivalenol

Toxicokinetics and the persistence of DON in tissues have been investigated using '“C- and
3H-radiolabeled DON. In early studies, uniformly labeled '*C-DON was solubilized in methanol and
administered to hens with 5 g of feed (1.5 pCi/bird/day equivalent to 2.2 mg/bird/day) following a fasting
period of 3 h, after which feed and water were provided ad /libitum [15]. Maximum radioactivity in
plasma was measured three hours after administration, and represented less than 1% of the amount
administrated. The maximum concentrations in tissues were found in the small intestine, liver and
kidney, while the concentrations in muscle and fat were lower. The highest concentrations were
measured in the bile, suggesting a strong first pass effect and biliary excretion of the toxin.
Elimination via the excreta accounted for 78.6%, and 98.5% of the dose after 24 and 72 h, respectively.
Daily administration of a similar level over a period of eight to 12 days revealed minimal accumulation
of the toxin [15]. In another study, *H-DON (1.1 mCi/g) labelled at position C3 was used. The toxin was
solubilized in ethanol and administered (2.5 mg/kg BW) to broilers for five days [16]. The results of this
study are in general agreement with those reported using 'C-DON. Concomitant mass detection enabled
separation of the metabolites (Figure 2). Interestingly, although DOM-1 was the main metabolite of
DON identified in rat, DON-3a-sulfate was the major metabolite found in chickens [16].

Transmission of '*C-DON and of its metabolites to eggs was studied in White Leghorn hens fed
an equivalent of 5.5 mg DON/kg feed for 65 days [17]. Radioactivity in the eggs increased rapidly to
reach a maximum of 28 ng equivalent DON/g on day 8 after administration. Subsequently, radioactivity
slowly decreased until day 30, and stabilized at 7 ng equivalent DON/g egg, although exposure to
14C-DON remained the same. The reason for this decline was unknown, but the authors suggested that
prolonged exposure to DON could change the level of enzymes responsible for its metabolism.

Several studies have been conducted using non-radiolabelled DON and HPLC. In one study in ducks
fed a diet containing up to 7 mg DON/kg, UV/diode array detection with an LOD of above 5 and
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10 ng/mL for DON and its deepoxidized metabolite, respectively, failed to reveal these compounds in
plasma [18]. These results were confirmed in broilers fed a diet containing 1 and 5 mg DON/kg with
HPLC/MS detection of DON at an LOD of 5 ng/mL [19]. Interestingly, although DON and de-epoxy
DON were not found in plasma, very small amounts of DON were recovered in excreta, but no
DOM-1. However, the rapid absorption of DON across the intestinal epithelium by passive diffusion has
been demonstrated in chicken [20], in agreement with the high radioactivity found in the bile 3 and 6 h
after administration of '*C-DON [15]. Taken together, these results suggest high absorption of DON in
chicken with rapid metabolism of other metabolites than DOM-1 by the liver. Moreover, both
deacetylation and deepoxidation of DON by intestinal microflora have been observed [21].
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Figure 2. Metabolic pathways of deoxynivalenol in avian species.

Improvement of HPLC/MS detection made it possible to reduce the LOQ of DON and metabolites to
1 ng/mL or less. With these methods, DON became quantifiable in the plasma of broilers fed a diet
naturally contaminated by 7.5 but not by 2.4 mg DON/kg whereas DOM-1 was still below the LOQ [22].
Conversely, in bile fluid, the level of DOM-1 was seven fold higher than the level of DON, with marked
differences in the concentrations observed depending on the way the feed was contaminated (natural
versus artificial contamination). No DON or DOM-1 residues were detected in the liver or kidneys [22].
HPLC/MS was also used to measure the toxicokinetic parameters of DON in broilers and in turkey
poults. In broilers, DON was administered in the crop (0.75 mg/kg BW), with no feed supplied for a
period of 6 h before and 4 h after administration of the toxin [23]. In turkey poults, DON was solubilized
in ethanol and water and administered (0.75 mg/kg BW) after a 12 h fast [24]. Tmax was measured 0.6 h
after administration in both species [23,24]. In the broilers, Ti/2eim was 0.63, and in the turkey poults,
T1/2¢1im was 0.86 h. Absolute oral bioavailability of DON was around 20% in both species. In both studies
conducted with DON administered solubilized in the crop, Tmax Was observed earlier and Ti/2elim Was
shorter than when radiolabelled DON was added to the feed, suggesting that the procedure used for the
administration of the toxin is responsible for these differences [15,16,23,24]. Whereas the comparison
of Tmax, Tizelim and F measured for DON in broilers and turkey poults revealed no difference,
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the metabolism of the toxin showed some differences. The amount of DON-3a-glucuronide formed was
low in both species, only traces being observed in chickens [24], and DON-3a-sulfate appeared to be the
main metabolite in both species. However, the ratio of DON-3a-sulfate to DON was between 1365 and
29,624 in broilers and between 32 and 141 in turkey poults, suggesting marked differences in sulfation
among species. DOM-1, deoxynivalenol-10-sulfonate, DOM-1-10-sulfonate, DON-glucuronide were
not detectable or only found at trace levels in chickens and turkey poults [16,24]. Although DON-sulfonates
are also formed in plants, and these compounds are known as “masked mycotoxins” because they can
form DON in vivo [25,26], it is not clear whether desulfation occurs in the gut of avian species, possibly
leading to enterohepatic recirculation of the toxin. Finally, the metabolic pathways of DON in avian
species strongly differ from what was reported in rat, pig, cattle and sheep, which could contribute to the
reported difference in sensitivity to the toxin [4].

Transmission of DON and its metabolites to eggs was also studied using HPLC for the detection of
DON and DOM-1. Early studies, in which in laying hens were fed diets containing DON at 4-5, 17, and
83 mg/kg feed, failed to reveal transmission of DON to the eggs at an LOD of 1 to 5 ng/g [27-29].
Similar studies conducted using 5 and 10 mg DON/kg of feed with lower LOD (0.01 ng/g) revealed that
the transmission rates were 15,000:1 and 29,000:1, respectively, and the concentration of DON in the
eggs was <l ng/g [30]. In another study, at an LOD of 0.2 ng/g, DOM-1 was not detected in the eggs of
laying hens fed 9.9 mg DON/kg feed [31].

In conclusion, although the levels of DON in plasma following oral administration to avian species
are relatively low, recent results suggest that DON is highly metabolized, leading to the formation of
sulfate(s), which are a detoxified form of the toxin. This metabolism differs from that observed in some
mammals species, in which deepoxidation is recognized to be the most important step. Comparison of
results obtained with radioactive labelling and with HPLC/MS revealed that absorption of DON from
the gastrointestinal tract could be higher than expected when only the concentration of DON in plasma
is measured, and first pass biotransformation of the toxin may occur. Although the persistence of DON
in tissue and its transmission to the eggs are limited, the metabolites of the toxin, especially 3a-sulfate,
should be measured. In addition, the metabolic fate of DON-sulfates in the digestive tract of humans
should be assessed in order to evaluate their impact on future DON risk assessment.

4. T2 Toxin

Studies with *H-T-2 toxin (radiolabelled at the Cs position) have been conducted in different avian
species. In broilers, *H-T-2 toxin (64.2 mCi/mmoL) solubilized in aqueous ethanol was administered in
the crop of chickens previously fed a diet containing non-radioactive T-2 toxin [32]. Non-radioactive
T-2 toxin was administered at doses of 0.5, 2, and 8 mg/kg feed for five weeks, after which respectively
0.126, 0.5 and 1.895 mg/kg BW of *H-T-2 toxin was administered once. After administration of *H-T-2
toxin, the birds were provided feed and water ad libitum. Because of the protocol and the units of measure
used, the results of this study are difficult to extrapolate in equivalent amounts of T-2 toxin. Still, Tmax
was observed in plasma 4 h after administration, after which radioactivity decreased slowly.
Interestingly, a rebound of radioactivity was observed in plasma 24 h after administration. In tissues,
maximum concentration was generally observed 4 h after dosing. Radioactivity in liver was two to three
fold higher than in kidney, and was generally three fold higher in muscle tissue than in fat. The bile
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contained the highest amount of T-2 toxin: The ratio of radioactivity in bile vs. plasma was 260 and 837,
respectively, 4 h and 12 h after administration. Two days after administration, the concentration in
plasma was still around 58% of the maximum observed at 4 h, and 28% of the maximum observed in bile
at 12 h, suggesting that radioactive half-life of T-2 toxin is longer than that reported for radiolabeled
DON. The comparison of radioactivity measured 24 h after administration of three different doses
revealed that the levels in tissues were proportional to the doses. Another study was conducted in
Hubbard broiler chickens and White Pekin ducks, involving the single oral administration of *H-T-2
toxin (equivalent to 0.5 mg/kg BW) solubilized in acetone and put into a gelatin capsule [33]. In this
study, most radioactivity was excreted within the first 24 h after administration, with no apparent
difference between the two species. Only very low amounts of radioactivity were found in the tissues.
Attempts to characterize the metabolites revealed that less than 3% of the radioactivity of the excreta
was due to the parent T-2 toxin, suggesting high metabolism, HT-2 toxin, T-2 triol and T-2 tetraol were
found (Figure 3).
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Figure 3. Metabolic pathways of T2-toxin in avian species.

Transmission of T-2 toxin and its metabolites to the eggs was also studied in White Leghorn hens
after one and eight consecutive administrations of 0.25 and 0.1 mg *H-T-2 toxin’kg BW,
respectively [34]. Radioactivity in hens that received a single dose reached maximum 24 h after
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administration. In multiple-dosed hens, maximum radioactivity was reached on day 3 in the white and
in the shell membrane, whereas the amounts in the yolk continued to increase throughout the course of
the study. The maximum transmission of T-2 toxin and its metabolites to the eggs represented an
equivalent of 0.9 pg of T-2 toxin for an exposure equivalent to 1.6 mg T-2 toxin/kg feed.

Complementary studies were conducted to detect metabolites of *H-T-2 toxin [35]. After
administration of a single dose of 1.6 mg/kg BW to broiler chickens, around 80% of the dose
administered was recovered as polar metabolites in the excreta within 48 h. HT-2 toxin was the main
metabolite identified (Figure 2), followed by T-2 tetraol, T-2 triol (= deacetyl HT-2) and neosolaniol.
Unknown metabolites represented more than 50% of the total excreted. These metabolites, and others,
were confirmed by the use of GC/MS [36]. In the liver, 3'OH HT-2 was the main metabolite found at a
concentration of 1370 ng/g 18 h after intraperitoneal administration of 3.5 mg/kg of T-2 toxin solubilized
in water-ethanol in broilers. Other metabolites, HT-2, T-2 triol, 4-deacetyl-neosolaniol (= 15 acetoxy
T-2 tetraol), 15-deacetyl-neosolaniol (= 4 acetoxy T-2 tetraol), T-2 tetraol and the parent unmetabolized
T-2 toxin were found at respective concentrations of 233, 210, 22, 20, 18 and 4 ng/g. In this study, 3'OH
HT-2 was also the main metabolite found in the excreta [36]. Interestingly, direct deacetylation of T-2
toxin and deepoxidation of HT-2 and T-2 triol was also seen to occur in the excreta due to the action of
the intestinal microflora [21]. However, deepoxided metabolites of T-2 toxin have never been reported
in avian species. The formation of 3'-OH T-2 like the major metabolite of T-2 toxin was revealed in
microsomes isolated from phenobarbital-treated chickens [37]. Liver microsomes also revealed the
formation of HT-2 toxin, neosolaniol, 3'-OH-T-2, and 3'-OH-HT-2 in chickens [38]. Recombinant P450
revealed the specific role of chicken CYP3A37 and CYP1AS in the formation of 3'OH-T-2 [39,40].
It is not known whether 3’-OH-T-2 is formed after deacetylation of T-2 toxin or after its hydroxylation,
and whether T-2 tetraol is formed after deacetylation of 4-deacetyl-neosolaniol and 15-deacetyl-neosolaniol
or dealkylation of T-2 triol.

Only a few toxicokinetic studies have been conducted with non-radiolabelled T-2 toxin using
HPLC/MS. When T-2 toxin was administered directly in the crop of broilers at 0.02 mg/kg BW with no
feed supplied for a period of 6 h before and 4 h after administration of the toxin, no trace of T-2 or
HT-2 (LOD < 1 ng/mL) was found in plasma [23]. When T-2 toxin was administered by the intravenous
route, very rapid elimination occurred (T1/2¢1 = 3.9 min) and HT-2 was detected in plasma only 2 min
after administration [23]. Other toxicokinetic investigations in broilers were performed using higher
doses of T-2 toxin [41]. Oral administration of T-2 toxin solubilized in aqueous ethanol at 2 mg/kg BW
in the craw of broilers every 12 h for two days resulted in rapid absorption (Tmax = 13.2 min) and rapid
metabolism into T-2 triol (Tmax = 38 min). Low concentrations of HT-2 toxin were only observed after
intravenous dosing at a single dose of 0.5 mg/kg BW. A shoulder peak phenomenon was observed in
plasma concentration-time curves of T-2 toxin and T-2 triol, suggesting possible enterohepatic
circulation [41]. Absolute oral bioavailability of T-2 toxin was estimated to be 17%. Interestingly, the
AUC observed for T-2 triol was higher than that of T-2 toxin, suggesting high metabolism of the toxin
and a first pass effect.

In conclusion, recent data obtained in broilers revealed that absorption of T-2 toxin was higher than
that expected from previous studies. Biotransformation of the toxin in 3'-OH T-2 appeared to be rapid
and was linked to P450 microsomal enzymes. Other metabolites include neosolaniol and deacetylated
forms of T-2 toxin, 3'-OH T-2, and neosolaniol, but no glucuronide and sulfate conjugates were reported
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in avian species. Deepoxydation was only reported for Ht2- toxin and T-2 triol, due to the action of
intestinal microflora. Investigation of the toxicity of deacetylated forms of T-2 toxins and 3'-OH T-2 is
thus required as these metabolites may represent a high percentage of human exposure following
consumption of food of avian origin.

5. Zearalenone

Studies of the toxicokinetics and of the persistence of zearalenone were conducted using '*C- and
3H-radiolabeled toxin. In laying hens, uniformly labeled *C- zearalenone was solubilized in propylene
glycol and administered in the crop (1.54 pCi equivalent to 10 mg/kg), after which feed and water were
provided ad libitum [42]. Tmax in plasma was observed 4 h post dosing, at concentration of 820 ng/g,
then radioactivity decreased continuously to reach 12 ng/g 72 h after administration. By contrast, levels
in red blood cells increased over time to reach 2690 ng/g 48 h post dosing. The highest level of
radioactivity was measured in the bile 24 h after administration, and the bile:plasma ratio was 264.
After the gastrointestinal tract, the liver and kidneys showed the highest levels of contamination
measured 4 h and 2 h after administration, at an equivalent zearalenone level of 3970 and 3410 ng/g,
respectively. The mean concentration in muscle was 100 ng/g, whereas the mean concentration in fat
was 300 ng/g, and the levels of radioactivity in both tissues remained relatively constant from 4 h to
72 h after administration. Approximately 1% of the dose was found in the egg and in the clutch 24 h
after administration, and this level persisted until day 3, when more than 99% of radioactivity was
recovered. The use of different extraction solvents combined with the use of glucuronidase revealed that
around one-third of the dose excreted was unchanged zearalenone, while another third was excreted as
more polar metabolites that could be the conjugated form with glucuronic acid (Figure 4).

In another study, *H-zearalenone (labelled at 5" and 3’ position) was used in boilers previously fed a
diet containing 100 mg/kg of unlabeled zearalenone for one week [43]. The toxin was solubilized in
ethanol and administered into the crops at a dose equivalent to 5 mg/kg BW. Water and feed were
provided ad libitum throughout the experiment. Cmax in plasma occurred 0.5 h after administration, with
a rebound 8 h later, after which the concentration decreased slowly. The highest radioactivity was
observed in the bile 8 h after administration, when the bile:plasma ratio was 1462. After the
gastro-intestinal tract and the gizzard, the liver and kidneys had the highest concentrations of labelled
compounds. The highest radioactivity in the muscle and fat was observed 24 h after administration,
with values close to those observed in plasma at the same time. The average recovery of the radioactivity
two days after administration was 83%. Analysis of the metabolites formed revealed major differences
between birds, with the levels of a- and B-zearalenol close to that of unmetabolized zearalenone.

The presence of zearalenone and metabolites in tissues was also analyzed with HPLC/FLD or UV
detection following high levels of exposure. After administration of 10 mg zearalenone/kg BW by
intubation of the crop in broilers, 416, 207, and 170 ng/g of residues were measured in the kidneys, liver,
and muscles, respectively [44]. In male turkey poults, the administration of a diet containing 800 mg
zearalenone/kg for a period of two weeks resulted in the detection of zearalenone in different tissues,
with the liver and the kidney being the most contaminated at 276 and 122 ng/g, respectively.
The amounts of a-zearalenol in the liver and kidney were higher than those of zearalenone, 2715 and
477 ng/g, respectively, whereas only traces of B-zearalenol were observed [45].
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Figure 4. Metabolic pathways of zearalenone in avian species. Formation of zearalanone
has never been reported in avian species.

At lower levels of zearalenone exposure, the presence of a-zearalenol as the main metabolite of
zearalenone was confirmed in the excreta and in tissues. In broilers fed with a diet containing less than
0.5 mg zearalenone/kg, a-zearalenol was seen to be the main metabolite, and only low levels of B-zearalenol
were measured in excreta [46,47]. In laying hens fed with a diet containing 1.57 mg zearalenone and
17.63 mg DON/kg, the concentrations of zearalenone and a-zearalenol in the liver were respectively 2.1
and 3.7 ng/g [48]. a-zearalenol was also the main metabolite found in the bile of Pekin ducks fed with a
diet containing low level of zearalenone (less than 0.1 mg/kg) and DON (up to 7 mg/kg), whereas less
B-zearalenol was excreted and unchanged zearalenone remained the most abundant compound [18].

Because of differences in the estrogenic properties of zearalenone and its metabolites,
biotransformation was investigated ex vivo in different animal species. Comparison of the ability of liver
fractions to reduce the toxin revealed that - and f-zearalenol can be formed not only in the microsomes
but also in the post-mitochondrial fraction, chickens being the most active in the formation of
B-zearalenol but the least potent in glucuronidation of zearalenone and its metabolites [49].
Because approximately 65% of zearalenone and its metabolites were found to be conjugated in chicken
excreta [45], sulfate conjugation could be an important step in the detoxification of zearalenone in avian
species. Analysis of liver and bile fluid in laying hens fed zearalenone strengthened this hypothesis, the
sulfate of a-zearalenol being more abundant than the glucuronide conjugate, even if the glucuronide of
zearalenone was most abundant than the sulfate conjugate [48]. In another study, the rate of reduction
of zearalenone into a- and B-zearalenol was compared in geese, ducks, guinea-fowl, chickens, laying
hens, and quail [50]. Zearalenone reduction was lowest in geese and highest in quail. Although a-zearalenol
was the main metabolite formed in all the avian species, the a:f ratio ranged from 1.8 in quail to 5.3
in chicken.
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Toxicokinetic studies of zearalenone have also been conducted in broilers. The toxin was
administered in the crop at a dose of 0.3 mg/kg BW with no feed provided for a period of 6 h before and
4 h after administration of the toxin [23]. Zearalenone, a- and B-zearalenol, zearalenone, and a- and
B-zearalenol were analyzed in plasma using LC/MS with LOD < 0.1 ng/mL. Only traces of a-zearalenol
were found. The Tizeim observed when the toxin was administered by the intravenous route was
31.8 min, and a-zearalenone was detected at a non-quantifiable level [23].

No transmission of zearalenone and its metabolites to eggs was found when laying hens were fed a
diet containing 1.57 mg zearalenone and 17.63 mg DON/kg [48]. The respective detection limits for
zearalenone, a- and B-zearalenol, zearalenone, and a- and B-zearalenol by HPLC/FLD were 1, 0.5, 3,
20, 20 and 40 ng/g. Again, no residues were found in the eggs of laying hens fed with a diet containing
up to 0.275 mg zearalenone/kg feed for a period of three weeks [30]. Zearalenone, a- and B-zearalenol,
zearalenone, and a- and B-zearalenol measured by LC/MS were below 0.1 ng/g (LOD). Zearalenone,
and a- and B-zearalenol have been reported in the urine of horses fed with a diet containing 1 mg
zearalenone/kg and studies conducted with microsomal and cytosolic fractions obtained from rat and pig
liver have demonstrated that zearalenone and zearalenol can be glucuronided and sulfated [51,52].
However, none of these metabolites has been found in avian species.

In conclusion, the reduction of zearalenone into a- and B-zearalenol, appeared to be an important step
in the elimination of the toxin in all the animal species tested, with differences in the a:p ratio depending
on the species. Sulfation and glucuronidation of zearalenone, a- and -zearalenol also occurred, resulting
in detoxified metabolites. Because the estrogenic properties of these metabolites differ considerably, the
detection of zearalenone alone in tissue is apparently not enough to assess the risk of human exposure
after consumption of food of avian origin.

6. Fumonisins

Only one study reports on the toxicokinetics and persistence of '*C-fumonisin B1 (uniformly labelled)
in avian species [53]. The toxin was solubilized in saline water and administered at a dose of 2 mg/kg
BW in the crop of laying hens. It is not clear from this study whether the hens had access to feed and
water before and after administration of the toxin, but the Tmax was observed 130 min after
administration. Absolute oral bioavailability was 0.7%, Ti/2eiim was 117 min. The average recovery of
the radioactivity 24 h after dosing was 97%. At this time, radioactivity was only found in liver and kidney
(less than 0.1% of the administered dose), and except for the gastro-intestinal tract, all organs and tissues
had levels below the detection limit, and no radioactivity was found in the eggs.

Toxicokinetic studies were also conducted with unlabeled fumonisin B1 (FB1) administered at
relatively high doses (100 mg/kg BW) to ducks and turkey poults [54,55]. In these studies, the animals
received feed and water before and after administration of the toxin. Tmax was observed 180 min after
administration in turkey and 60 min after administration in ducks. Absolute oral bioavailability was 3.2%
in turkey poults and 2.3% in ducks. T1.2elim and MRT in turkey poults were respectively 214 and 408 min.
These values are higher than those measured in ducks, where Ti/2elim and MRT were 70 and 188 min,
respectively. Consequently, the clearance of FB1 was higher in ducks than in turkey, 17 and
7.5 mL/min/kg, respectively. Toxicokinetic parameters measured during force feeding in ducks did not
vary greatly from those observed in growing ducks [55]. In broilers fed a single dose of FB1 (1.9 mg/kg



Toxins 2015, 7 2300

BW) outside the normal feeding period, the observed Tizelim and MRT were 106 and 166 min,
respectively, suggesting faster elimination of the toxin in broilers and in ducks than in turkey poults [56].
Tmax was observed after only 20 min in broilers, but this difference was probably due to the lack of access
to feed in this study. Interestingly, exposure to DON (3.12 mg/kg feed) over a period of three weeks, did
not alter the toxicokinetic parameters of FB1 [56]. Only one study has been published on the
toxicokinetic parameters of FB2 in avian species, and the parameters observed did not differ notably
from those observed for FB1 [57].

The persistence of fumonisins was studied in tissues of turkey poults fed a diet containing 5, 10 and
20 mg FB1 + FB2/kg for a period of nine weeks [54]. Analysis of residues in tissues was conducted after
an 8-h period with no feed. FB1 was below the limit of detection (13 ng/g) in muscle whatever the feed
used, whereas FB1 was only detected in the kidney of birds fed the diet containing 20 mg FB1 + FB2/kg.
In the liver, mean FB1 was 33, 44, and 117 ng/g after the turkey poults were fed a diet containing 5, 10,
and 20 mg FB1 + FB2/kg, respectively. Similar studies were conducted in ducks during force feeding
with a diet containing 5, 10 and 20 mg FB1 + FB2/kg [55]. Surprisingly, although the total intake of
fumonisins was higher in ducks during force feeding than in turkey poults, the persistence of FB1 was
lower. Mean FB1 in liver was 16 and 20 ng/g in the animals fed with the diet containing 10 and 20 mg
FB1 + FB2/kg, respectively, and below the limit of detection in the animals fed with the diet containing
5 mg FB1 + FB2/kg. FB1 was below the limit of detection in muscle and kidney whatever the dose of
toxin administered.

Very little is known about the metabolism of fumonisins (Figure 5). In pigs, it has been demonstrated
that FB1 can be metabolized into partially hydrolyzed FB1 then in hydrolyzed FB1 (HFB1) by the
microflora in the digestive tract, and in the liver, and that HFB1 can persist at low levels for several
days [58]. HFBI is less toxic than FB1 in piglets [59], however, it is not known whether this metabolite
is formed in avian species. Although N-acylation of FB1 and HFB1 occurs in human cell lines and in
the rat [60,61], occurrence of these metabolites in birds has never been investigated.

H;C.

o oo e /\M
HaC o

Hydrolyzed FB1 (= aminopentol, HB1)
(30) N-acyl-HFB1
(32)

HaC
COOH O CHa OH OH CH,
HO'
HooC. CHs
o o CH; OH NH,
HooC
OH CH; OH NH,
) COOH O
Partially hydrolyzed FB1
(28, 29)
HaC
COOH O CHs OH OH

\ / HOOC\M CH,

HiC.
COOH O ° CH, OH OH O CH; OH
HOOC

o) _— COOH O
o] CH; OH NH,
H,;C [¢]

HOOC 5
COOH O
Fumonisin B1 (FB1) N-acyl-FB1
(5) (31)

Figure 5. Metabolic pathways of fumonisin B1 in animals.
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In conclusion, persistence of FB1 in tissues is low, but our comparison revealed differences between
avian species. To date, no information is available on biotransformation of FB1 in avian species.

7. Conclusions

The use of radiolabelled DON, T2-toxin, and zearalenone revealed high biliary excretion of these
toxins whereas the amount of the parent compound in plasma was low. This observation and the low
level of radioactivity found in tissues led to the conclusion that fusariotoxins are weakly absorbed and
rapidly eliminated. More recent studies strengthened these early results and demonstrated the important
role of metabolism in avian species. Even if the metabolic pathways are the same as those in mammals,
different metabolites can be formed. Deepoxidation of DON, which is the main detoxification
mechanism in mammals, appears to play a less important role in avian species, whereas in these species,
sulfation is a key protective mechanism. The metabolism schedule also varies with the toxin.
Sulfation and glucuronidation are important steps in DON and zearalenone metabolism. By contrast,
hydroxylation and deacetylation are important in T-2 toxin metabolism, and no sulfate or glucuronide of
T-2 toxin have been reported. Moreover, even the metabolites formed from a toxin are the same among
the avian species tested, the ratio of the metabolites appears to vary with the species. This has been
demonstrated for the DON-3a-sulfate:DON ratio in broilers and turkey poults and in the a:f ratio of
zearalenol in different avian species. In the same way, even if less is known about the metabolism of
fumonisins in avian species, their oral bioavailability, clearance and persistence in tissues appear to vary
between broilers, ducks and turkeys. Taken together, these results suggest major differences in the
toxicokinetics of fusariotoxins in avian species, and marked high variation between species in the level
of some key metabolites. The metabolic fate of these metabolites in the digestive tract of humans needs
to be assessed in order to evaluate their impact as part of future risk assessment.

Conflicts of Interest
The author declares no conflict of interest.
References

1. Marin, S.; Ramos, A.J.; Cano-Sancho, G.; Sanchis, V. Mycotoxins: Occurrence, toxicology, and
exposure assessment. Food Chem. Toxicol. 2013, 60, 218-237.

2. Antonissen, G.; Martel, A.; Pasmans, F.; Ducatelle, R.; Verbrugghe, E.; Vandenbroucke, V.; Li, S.;
Haesebrouck, F.; van Immerseel, F.; Croubels, S. The impact of Fusarium mycotoxins on human
and animal host susceptibility to infectious diseases. Toxins 2014, 6, 430—452.

3. Murugesan, G.R.; Ledoux, D.R.; Naehrer, K.; Berthiller, F.; Applegate, T.J.; Grenier, B.;
Phillips, T.D.; Schatzmayr, G. Prevalence and effects of mycotoxins on poultry health and
performance, and recent development in mycotoxin counteracting strategies. Poult. Sci. 2015, 94,
1298—-1315. Available online: http://dx.doi.org/10.3382/ps/pev075 (accessed on 18 June 2015).

4. Agence Francaise de Sécurité Sanitaire des Aliments. Evaluation des Risques Liés a la Présence de
Mycotoxines Dans les Chaines Alimentaires Humaine et Animale; Agence Francaise de Sécurité
Sanitaire des Aliments: Maisons-Alfort, France, 2009; pp. 1-308.



Toxins 2015, 7 2302

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

European Commission. Commission Recommendation of 17 August 2006 on the presence of
deoxynivalenol, zearalenone, ochratoxin A, T-2 and HT-2 and fumonisins in products intended for
animal feeding (2006/576/EC). Off. J. Eur. Union 2006, L229, 7-9.

European Commission. Commission Regulation (EC) of 19 December 2006 setting maximum
levels for certain contaminants in foodstuffs no. 1881/2006. Off. J. Eur. Union 2006, L364, 5-24.
European Commission. Commission Recommendation of 27 March 2013 on the presence of T-2
and HT-2 toxin in cereals and cereal products (2013/165/EU). Off. J. Eur. Union 2013, L91, 12—15.
European Food Safety Authority (EFSA). Opinion of the scientific panel on contaminants in the
food chain on a request from the commission related to zearalenone as undesirable substance in
animal feed. EFSA J. 2004, 43, 1-41.

European Food Safety Authority (EFSA). Opinion of the Scientific Panel on Contaminants in Food
Chain on a request from the Commission related to fumonisins as undesirable substances in animal
feed. EFSA J. 2005, 235, 1-32.

European Food Safety Authority (EFSA). Scientific opinion on the risks for public health related to
the presence of zearalenone in food. EFS4 J. 2011, 9, 2197.

European Food Safety Authority (EFSA). Scientific opinion on the risks for animal and public
health related to the presence of T-2 and HT-2 toxin in food and feed. EFSA4 J. 2011, 9, 2481.
European Food Safety Authority (EFSA). Scientific report of EFSA. Deoxynivalenol in food and
feed: Occurrence and exposure. EFSA J. 2013, 13, 3379, doi:10.2903/j.efsa.2013.3379.

Joint FAO/WHO Expert Committee on Food Additives (JECFA). Evaluation of Certain Food
Additives and Contaminants: 72nd Report of the Joint FAO/WHO Expert Committee on Food
Additive; WHO Technical Report Series; World Health Organization: Geneva, Switzerland, 2011;
Volume 959.

Caldwell, J.; Gardner, I.; Swales, N. An introduction to drug disposition: The basic principles of
absorption, distribution, metabolism, and excretion. Toxicol. Pathol. 1995, 23, 102—114.

Prelusky, D.B.; Hamilton, R.M.; Trenholm, H.L.; Miller, J.D. Tissue distribution and excretion of
radioactivity following administration of 14C-labeled deoxynivalenol to White Leghorn hens.
Fundam. Appl. Toxicol. 1986, 7, 635-645.

Wan, D.; Huang, L.; Pan, Y.; Wu, Q.; Chen, D.; Tao, Y.; Wang, X.; Liu, Z.; Li, J.; Wang, L.; et al.
Metabolism, distribution, and excretion of deoxynivalenol with combined techniques of
radiotracing, high-performance liquid chromatography ion trap time-of-flight mass spectrometry,
and online radiometric detection. J. Agric. Food Chem. 2014, 62, 288-296.

Prelusky, D.B.; Hamilton, R.M.; Trenholm, H.L. Transmission of residues to eggs following
long-term administration of 14C-labelled deoxynivalenol to laying hens. Poult. Sci. 1989, 68, 744-748.
Diénicke, S.; Ueberschér, K.H.; Valenta, H.; Matthes, S.; Matthéus, K.; Halle, 1. Effects of graded
levels of Fusarium-toxin-contaminated wheat in Pekin duck diets on performance, health and
metabolism of deoxynivalenol and zearalenone. Br. Poult. Sci. 2004, 45, 264-272.

Awad, W.A.; Hess, M.; Twaruzek, M.; Grajewski, J.; Kosicki, R.; Bohm, J.; Zentek, J. The impact
of the Fusarium mycotoxin deoxynivalenol on the health and performance of broiler chickens.
Int. J. Mol. Sci. 2011, 12, 7996-8012.



Toxins 2015, 7 2303

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Awad, W.A.; Aschenbach, J.R.; Setyabudi, F.M.; Razzazi-Fazeli, E.; Bohm, J.; Zentek, J. In vitro
effects of deoxynivalenol on small intestinal D-glucose uptake and absorption of deoxynivalenol
across the isolated jejunal epithelium of laying hens. Poult. Sci. 2007, 86, 15-20.

Young, J.C.; Zhou, T.; Yu, H.; Zhu, H.; Gong, J. Degradation of trichothecene mycotoxins by
chicken intestinal microbes. Food Chem. Toxicol. 2007, 45, 136—143.

Osselaere, A.; Devreese, M.; Watteyn, A.; Vandenbroucke, V.; Goossens, J.; Hautekiet, V.;
Eeckhout, M.; de Saeger, S.; de Baere, S.; de Backer, P.; et al. Efficacy and safety testing of
mycotoxin-detoxifying agents in broilers following the European Food Safety Authority guidelines.
Poult. Sci. 2012, 91, 2046-2054.

Osselaere, A.; Li, S.J.; de Bock, L.; Devreese, M.; Goossens, J.; Vandenbroucke, V.; van Bocxlaer, J.;
Boussery, K.; Pasmans, F.; Martel, A.; et al. Toxic effects of dietary exposure to T-2 toxin on
intestinal and hepatic biotransformation enzymes and drug transporter systems in broiler chickens.
Food Chem. Toxicol. 2013, 55, 150-155.

Devreese, M.; Antonissen, G.; Broekaert, N.; de Mil, T.; de Baere, S.; Vanhaecke, L.
Toxicokinetic study and oral bioavailability of DON in turkey poults, and comparative
biotransformation between broilers and turkeys. World Mycotoxin J. 2015, 1, 1-7.

Warth, B.; Fruhmann, P.; Wiesenberger, G.; Kluger, B.; Sarkanj, B.; Lemmens, M.; Hametner, C.;
Frohlich, J.; Adam, G.; Krska, R.; et al. Deoxynivalenol-sulfates: Identification and quantification
of novel conjugated (masked) mycotoxins in wheat. Anal. Bioanal. Chem. 2015, 407, 1033—1039.
Warth, B.; Sulyok, M.; Berthiller, F.; Schuhmacher, R.; Krska, R. New insights into the human
metabolism of the Fusarium mycotoxins deoxynivalenol and zearalenone. Toxicol. Lett. 2013, 220,
88-94.

El-Banna, A.A.; Hamilton, R.M.; Scott, P.M.; Trenholm, H.L. Nontransmission of deoxynivalenol
(vomitoxin) to eggs and meat in chickens fed deoxynivalenol-contaminated diets. J. Agric. Food Chem.
1983, 31, 1381-1384.

Lun, A.K.; Young, L.G.; Moran, E.T., Jr.; Hunter, D.B.; Rodriguez, J.P. Effects of feeding hens a
high level of vomitoxin-contaminated corn on performance and tissue residues. Poult. Sci. 1986,
65, 1095-1099.

Valenta, H.; Dénicke, S. Study on the transmission of deoxynivalenol and de-epoxy-deoxynivalenol
into eggs of laying hens using a high-performance liquid chromatography-ultraviolet method with
clean-up by immunoaffinity columns. Mol. Nutr. Food Res. 2005, 49, 779-785.

Sypecka, Z.; Kelly, M.; Brereton, P. Deoxynivalenol and zearalenone residues in eggs of laying
hens fed with a naturally contaminated diet: Effects on egg production and estimation of
transmission rates from feed to eggs. J. Agric. Food Chem. 2004, 52, 5463-5471.

Ebrahem, M.; Kersten, S.; Valenta, H.; Breves, G.; Danicke, S. Residues of deoxynivalenol (DON)
and its metabolite de-epoxy-DON in eggs, plasma and bile of laying hens of different genetic
backgrounds. Arch. Anim. Nutr. 2014, 68, 412—-422.

Chi, M.S.; Robison, T.S.; Mirocha, C.J.; Swanson, S.P.; Shimoda, W. Excretion and tissue
distribution of radioactivity from tritium-labeled T-2 toxin in chicks. Toxicol. Appl. Pharmacol.
1978, 45, 391-402.

Giroir, L.E.; Ivie, G.W.; Huff, W.E. Comparative fate of the tritiated trichothecene mycotoxin, T-2
toxin, in chickens and ducks. Poult. Sci. 1991, 70, 1138—1143.



Toxins 2015, 7 2304

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Chi, M.S.; Robison, T.S.; Mirocha, C.J.; Behrens, J.C.; Shimoda, W. Transmission of radioactivity
into eggs from laying hens (Gallus domesticus) administered tritium labeled T-2 toxin. Poult. Sci.
1978, 57, 1234-1238.

Yoshizawa, T.; Swanson, S.P.; Mirocha, C.J. T-2 metabolites in the excreta of broiler chickens
administered 3H-labeled T-2 toxin. Appl. Environ. Microbiol. 1980, 39, 1172-1177.

Visconti, A.; Mirocha, C.J. Identification of various T-2 toxin metabolites in chicken excreta and
tissues. Appl. Environ. Microbiol. 1985, 49, 1246—1250.

Knupp, C.A.; Swanson, S.P.; Buck, W.B. Comparative in vitro metabolism of T-2 toxin by hepatic
microsomes prepared from phenobarbital-induced or control rats, mice, rabbits and chickens.
Food Chem. Toxicol. 1987, 25, 859—-865.

Wu, Q.; Huang, L.; Liu, Z.; Yao, M.; Wang, Y.; Dai, M.; Yuan, Z. A comparison of hepatic in vitro
metabolism of T-2 toxin in rats, pigs, chickens, and carp. Xenobiotica 2011, 41, 863—873.

Yuan, Y.; Zhou, X.; Yang, J.; Li, M.; Qiu, X. T-2 toxin is hydroxylated by chicken CYP3A37.
Food Chem. Toxicol. 2013, 62, 622—-627.

Shang, S.; Jiang, J.; Deng, Y. Chicken cytochrome P450 1AS5 is the key enzyme for metabolizing
T-2 toxin to 3'OH-T-2. Int. J. Mol. Sci. 2013, 14, 10809-10818.

Sun, Y.X.; Yao, X.; Shi, S.N.; Zhang, G.J.; Xu, L.X.; Liu, Y.J.; Fang, B.H. Toxicokinetics of T-2
toxin and its major metabolites in broiler chickens after intravenous and oral administration. J. Vet.
Pharmacol. Ther. 2015, 38, 80-85.

Dailey, R.E.; Reese, R.E.; Brouwer, E.A. Metabolism of [ 14C]zearalenone in laying hens. J. Agric.
Food Chem. 1980, 28, 286-291.

Mirocha, C.J.; Robison, T.S.; Pawlosky, R.J.; Allen, N.K. Distribution and residue determination
of [3H]zearalenone in broilers. Toxicol. Appl. Pharmacol. 1982, 66, 77-87.

Maryamma, K.I.; Manomohan, C.B.; Nair, M.G.; Ismail, P.K.; Sreekumaran, T.; Rajan, A.
Pathology of zearalenone toxicosis in chicken and evaluation of zearalenone residues in tissues.
Ind. J. Anim. Sci. 1992, 62, 105-107.

Olsen, M.; Mirocha, C.J.; Abbas, H.K.; Johansson, B. Metabolism of high concentrations of dietary
zearalenone by young male turkey poults. Poult. Sci. 1986, 65, 1905-1910.

Dénicke, S.; Ueberschiar, K.H.; Halle, 1.; Valenta, H.; Flachowsky, G. Excretion kinetics and
metabolism of zearalenone in broilers in dependence on a detoxifying agent. Arch. Tierernahr.
2001, 55, 299-313.

Daénicke, S.; Matthes, S.; Halle, I.; Ueberschir, K.H.; Doll, S.; Valenta, H. Effects of graded levels
of Fusarium toxin-contaminated wheat and of a detoxifying agent in broiler diets on performance,
nutrient digestibility and blood chemical parameters. Br. Poult. Sci. 2003, 44, 113-126.

Diénicke, S.; Ueberschér, K.H.; Halle, I.; Matthes, S.; Valenta, H.; Flachowsky, G. Effect of addition
of a detoxifying agent to laying hen diets containing uncontaminated or Fusarium toxin-contaminated
maize on performance of hens and on carryover of zearalenone. Poult. Sci. 2002, 81, 1671-1680.
Malekinejad, H.; Maas-Bakker, R.; Fink-Gremmels, J. Species differences in the hepatic
biotransformation of zearalenone. Vet. J. 2006, 172, 96—-102.

Kolf-Clauw, M.; Ayouni, F.; Tardieu, D.; Guerre, P. Variations in zearalenone activation in avian
food species. Food Chem. Toxicol. 2008, 46, 1467—1473.



Toxins 2015, 7 2305

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Songsermsakul, P.; Bohm, J.; Aurich, C.; Zentek, J.; Razzazi-Fazeli, E. The levels of zearalenone
and its metabolites in plasma, urine and faeces of horses fed with naturally, Fusarium
toxin-contaminated oats. J. Anim. Physiol. Anim. Nutr. 2013, 97, 155-161.

Bories, G.F.; Perdu-Durand, E.F.; Sutra, J.F.; Tulliez, J.E. Evidence for glucuronidation and
sulfation of zeranol and metabolites (taleranol and zearalanone) by rat and pig hepatic subfractions.
Drug Metab. Dispos. 1991, 19, 140—-143.

Vudathala, D.K.; Prelusky, D.B.; Ayroud, M.; Trenholm, H.L.; Miller, J.D. Pharmacokinetic fate
and pathological effects of 14C-fumonisin B1 in laying hens. Nat. Toxins 1994, 2, 81-88.

Tardieu, D.; Bailly, J.D.; Skiba, F.; Grosjean, F.; Guerre, P. Toxicokinetics of fumonisin B1 in
turkey poults and tissue persistence after exposure to a diet containing the maximum European
tolerance for fumonisins in avian feeds. Food Chem. Toxicol. 2008, 46, 3213-3218.

Tardieu, D.; Bailly, J.D.; Benlashehr, 1.; Auby, A.; Jouglar, J.Y.; Guerre, P. Tissue persistence of
fumonisin B1 in ducks and after exposure to a diet containing the maximum European tolerance for
fumonisins in avian feeds. Chem. Biol. Interact. 2009, 182, 239-244.

Antonissen, G.; Devreese, M.; van Immerseel, F.; de Baere, S.; Hessenberger, S.; Martel, A.;
Croubels, S. Chronic exposure to deoxynivalenol has no influence on the oral bioavailability of
fumonisin B1 in broiler chickens. Toxins 2015, 7, 560-571.

Benlashehr, 1.; Repussard, C.; Jouglar, J.Y.; Tardieu, D.; Guerre, P. Toxicokinetics of fumonisin
B2 in ducks and turkeys. Poult. Sci. 2011, 90, 1671-1675.

Fodor, J.; Balogh, K.; Weber, M.; Mikl6s, M.; Kametler, L.; Posa, R.; Mamet, R.; Bauer, J.;
Horn, P.; Kovacs, F.; et al. Absorption, distribution and elimination of fumonisin B(1) metabolites
in weaned piglets. Food Addit. Contam. 4 2008, 25, 88-96.

Grenier, B.; Bracarense, A.P.; Schwartz, H.E.; Trumel, C.; Cossalter, A.M.; Schatzmayr, G.;
Kolf-Clauw, M.; Moll, W.D.; Oswald, I.P. The low intestinal and hepatic toxicity of hydrolyzed
fumonisin B1 correlates with its inability to alter the metabolism of sphingolipids. Biochem.
Pharmacol. 2012, 83, 1465-1473.

Humpf, H.U.; Schmelz, E.M.; Meredith, F.I.; Vesper, H.; Vales, T.R.; Wang, E.; Menaldino, D.S.;
Liotta, D.C.; Merrill, A.H., Jr. Acylation of naturally occurring and synthetic 1-deoxysphinganines
by ceramide synthase. Formation of N-palmitoyl-aminopentol produces a toxic metabolite of
hydrolyzed fumonisin, AP1, and a new category of ceramide synthase inhibitor. J. Biol. Chem.
1998, 273, 19060—-19064.

Harrer, H.; Humpf, H.U.; Voss, K.A. In vivo formation of N-acyl-fumonisin B1. Mycotoxin Res.
2015, 31, 33-40.

© 2015 by the author; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



