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ABSTRACT.  Fusarenon-X (FX) is a type B trichothecene mycotoxin that is frequently observed
along with deoxynivalenol (DON) and nivalenol (NIV) in agricultural commodities. This review
aims to give an overview of the literature concerning the toxicology and toxicokinetics of FX.

J. Vet. Med. Sci. FX is primarily found in cereals grown in temperate regions, but it can also be found worldwide
79(1): 6-13, 2017 because of the global transport of products. The major toxicity of FX occurs through inhibition of
protein synthesis, followed by the disruption of DNA synthesis. Moreover, FX has also been shown
to induce apoptosis in in vitro and in vivo studies. The targets of FX are organs containing actively
proliferating cells, such as the thymus, spleen, skin, small intestine, testes and bone marrow. FX
causes immunosuppression, intestinal malabsorption, developmental toxicity and genotoxicity.
In addition, sufficient evidence of carcinogenicity in experimental animals is currently lacking,
and the International Agency for Research on Cancer (IARC) classifies it as a group 3 carcinogen.
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Mycotoxins are secondary metabolites produced by molds that exert adverse effects on human and animal health. Mycotoxin
contamination can occur during various steps in food production, including pre-harvest, harvest and storage. The Food and
Agriculture Organization of the United Nations (FAO) estimated that approximately 25% of cereals produced worldwide are
contaminated by mycotoxins [30]. The primary genera of fungi that produce mycotoxins are those of the Aspergillus, Penicillium,
Alternaria, Fusarium and Claviceps species. Low-level contamination by Fusarium toxins is very common, and co-contamination
is frequently observed in animal feed [54]. The most relevant groups of mycotoxins that contaminate agricultural crops are
aflatoxins, ochratoxins, trichothecenes, zearalenones, fumonisins and ergot alkaloids.

Trichothecenes are a group of sesquiterpenoid mycotoxins that are commonly produced by Fusarium fungi. More than 180
derivatives of trichothecenes have been identified and divided into four types—A, B, C and D—depending on their functional
groups. Type A is characterized by a functional group other than a ketone at the C-8 position, whereas trichothecenes that have
a carbonyl function at this position are identified as type B. The third group, type C, is characterized by a second epoxide ring
at C-7,8 or C-9,10, whereas type D contains a macrocyclic ring system between C-4 and C-15 with ester linkages. Among
trichothecene mycotoxins, types A and B are frequently found as contaminants in food for human and animal consumption [66].
A variety of adverse effects of trichothecenes, including emesis, growth retardation, immunotoxicity, neuroendocrine changes and
interference with reproductive and growth hormone signaling, have been reported in experimental animals [45].

Fusarenon-X (FX) is a member of the 8-ketotrichothecenes, or type B trichothecenes, and is produced by several Fusarium
species. FX has been frequently observed, along with deoxynivalenol (DON) and nivalenol (NIV) [13, 21], as a contaminant in
agricultural commodities. Compared with that of other type B mycotoxins, oral administration of FX provoked a more profound
anorexia in mice. In contrast, feed refusal induced in mice after intraperitoneal (i.p.) administration of FX was not as significant as
that induced by NIV [69]. This was consistent with the results in the mink model, where FX produced emetic responses similar to
DON, but of stronger potency than other DON congeners, following oral (p.o.) administration [68]. These findings indicated that,
of the type B trichothecenes, FX is potentially toxic in experimental animals and humans after ingestion.
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Fig. 1. Chemical structure of FX.

OCCURRENCE AND MODE OF ACTION

Chemical structure

The molecular structure of FX (3,7,15-trihydroxy-4-acetoxy-12,13 epoxytrichothec-9-en-8-one) includes a tetracyclic
12,13-epoxy-trichothec-9-ene skeleton with an epoxide ring at C-12,13 and a double bond at C-9,10. Its chemical structure is
characterized by a hydroxyl (OH) group at the C-3,7,15 position and an acetyloxy (-OCOCH;) group at the C-4 position (Fig. 1)
[21, 62].

Occurrence of FX: The production of trichothecene metabolites depends on many factors, including the substrate, temperature
and humidity [8, 13, 21, 25, 43, 62, 65, 72]. FX was first isolated from the Fusarium nivale strain, Fn-2B, which primarily
produced FX at a temperature between 25°C and 27°C, but was also found to produce FX at 15°C [62]. The closely related species,
F. culmorum and F. crookwellence, also generated FX in both cool and warm areas [21]. Moreover, F. sulphureum, F. sambucinum,
and F. solani have been reported as capable of either producing or accumulating FX [71]. FX was found to be generated during an
early stage of fungal growth and then deacetylated during further growth [62]. Furthermore, room temperature storage (20°C) was
more likely to encourage accumulation of FX and other trichothecenes (T-2, diacetoxyscirpenol (DAS) and 3-acetyldeoxynivalenol
(3-ADON)) than storage at cooler temperatures [71]. FX was found together with other Fusarium toxins produced by the same
fungal species in cereals, including wheat, barley, corn, rye, oats, maize and multigrain. It was also observed in maize silage and
extracted oil seed [8, 13, 25, 43, 65, 72]. FX has been found most commonly in the temperate regions of Europe and Asia (Table
1), because these regions provide conditions suitable for Fusarium growth and FX production. However, FX can be found in
agricultural commodities worldwide due to global product transport. Regarding health concerns, the European commission (EC)
has established maximum levels of Fusarium toxins allowed in cereals and cereal products for human and animal consumption [14,
15]. The maximum level of DON in cereals intended for direct human consumption is 750 ug/kg [15]. The European Food Safety
Authority (EFSA) has set the tolerable daily intake (TDI) of NIV at 1.2 ug/kg body weight (BW) [16]. In 2010, the Food Safety
Commission in Japan (FSCJ) set a TDI for DON and NIV of 1 and 0.4 ug/kg BW, respectively [17]. However, guidance limits and
TDI recommendations are currently not available for FX [12, 14, 15].

Mechanism of action

Several mechanisms of action have been reported for FX. Generally, FX is known to evoke a ribotoxic stress response, which
inhibits protein and DNA synthesis in eukaryotic cells. In detail, it caused the disaggregation of eukaryotic polyribosomes
in vitro at high concentrations [44, 64]. FX bound to ribosomes and inhibited the second peptide bond formation, but not the
polypeptide chain initiation [10, 11, 38]. Furthermore, FX dose-dependently encouraged DNA strand breakage of both dividing and
differentiated Caco-2 cells. This action was stronger than that produced by its metabolite, NIV [7]. These proposed mechanisms
of action suggest that FX is genotoxic to intestinal cells, although, in a previous study, FX exhibited a weak clastogenic effect on
Chinese hamster V79-E cells [61]. The mechanisms of action of FX are yet to be fully understood. To elucidate this issue, further
studies are needed.

TOXICOKINETICS

Absorption and distribution

FX is a highly lipid-soluble compound that is rapidly absorbed from the gastrointestinal tract of mice [48], broilers, ducks [47]
and piglets [51]. The maximum plasma concentration of FX occurred after approximately 5 min in piglets [51], 12 min in ducks
[47] and 30 min in mice [48]. Its oral bioavailability was higher in piglets (74%) [51], than in ducks (19.5%) and broilers (9.8%)
[47]. Furthermore, the oral bioavailability of FX was reported to be higher than that of NIV in mice [9, 48].
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Table 1. Natural occurrence of FX

Positive samples/

Country Sample Year Total numbers Mean content (ug/kg) References
Belgium Barley 2014 1/65 NQ [65]
Belgium Wheat 2014 1/93 508 [65]
Belgium Bread 2014 2/25 505 [65]
Belgium Breakfast cereals 2014 3/20 796 [65]
Czech & U.K. Extracted oil seed 2008-2012 114 [72]
Czech & U.K. Maize silage 2008-2012 77 [72]
Czech & U.K. Complex feed for daily cows 2008-2012 80 [72]
Italy Maize 2005 5/31 137 [8]
Italy Oat 2013 3/7 23 +30 (26-75) [25]
Italy Splet 2013 2/3 91.8 =54 (53.7-130) [25]
Italy Wheat 2013 14/57 18.44 +£27 (12.5-102) [25]
Italy Barley 2013 4/9 18.43 +20 (27.5-47.3) [25]
Italy Rye 2013 511 28.52 431 (42.4-70.2) [25]
Italy Whole cereals 2013 5/6 40 +38.4 (23.4-102) [25]
Korea Conventional cereals 2009 9/99 10.7 (6.8-18.7) [42]
Korea Organic cereals 2009 16/88 7.3 (0.9-18.7) [42]
Korea Rice 2009 10/65 9.1 [43]
Korea Glutinous rice 2009 2/11 54 [43]
Korea Brown rice 2009 1/48 18.7 [43]
Korea Barley 2009 6/39 6.8 [43]
Korea Mixed grains 2009 13/40 11.0 [43]
Korea Corn 2009 6/25 8.7 [43]
Korea Wheat 2009 4/54 7.9 [43]
Korea Wheat flour 2009 2/38 9.0 [43]
Korea Breakfast cereals 2009 7/18 7.1 [43]
Japan Rice 2005 1900 [59]
Poland Corn 2014 7.9-36.47 [3]
Saudi Arabia Commercial animal feed 1997-2000 3.13-600 [1]
Spain Barley 2007 2/100 17.45 [22]
Spain Barley 2008 1.5/100 3.6 [23]
Spain Multigrain 2009 2/46 27.2 (15.2-42.4) [39]
Spain Wheat-based cereals 2012 1/119 10.8 [50]

NQ: not quantifiable.

Metabolism

The maximum concentration of FX was detected in the liver, kidney and spleen of piglets 3 hr after oral exposure [S1]. Its
metabolite, NIV, was found in plasma as soon as 10 min after p.o. administration of FX in broilers and ducks [47]. These results
concur with an in vitro study of microsomal nonspecific carboxyesterase in rats and rabbits that demonstrated that the C-4 acetyl
residues of FX were hydrolyzed by microsomal carboxyesterase to yield NIV [41]. Altogether, these findings suggested that
FX was rapidly metabolized to NIV (Fig. 2) after being absorbed from the gastrointestinal tract. In addition, in vitro studies
concerning FX metabolism indicated that FX to NIV conversion occurred in the liver and kidney [41, 47, 48, 51]. Indeed, in in
vivo studies in mice, piglets, broilers and ducks [47, 48, 51], the liver and kidney were observed to be the primary organs for
FX to NIV conversion. The highest conversion percentage was observed in the liver rather than the kidney in mice (93.99% vs.
27.91%). The conversion percentage was similar in the liver and kidney of ducks (98.95% vs. 94.32%) and piglets (90.91% vs.
89.72%), whereas the pattern was reversed in broilers (94.39% in the kidney vs. 70.12% in the liver) [47, 48, 51]. It is noteworthy
that NIV was found in fetal and suckling mice via the placenta and the mother’s milk, respectively, after being metabolized to
NIV in the maternal body [49]. In addition, NIV was reported to be metabolized to a de-epoxidated form by microorganisms in
the gastrointestinal tract [67]. The intestinal microflora is important for the biotransformation of trichothecenes. The presence or
absence of particular intestinal microflora species can influence the extent to which an animal is sensitive to NIV, because the
de-epoxidated products were shown to be less toxic than the parental molecules [26].

Elimination

After intravenous (i.v.) and p.o. administration of FX in piglets, both FX and NIV were observed in the urine and feces for up
to 24 and 48 hr, respectively. Large amounts of NIV were detected in the urine after FX exposure [51]. FX and NIV were also
detected in excreta of broilers and ducks after i.v. and p.o. administration of FX [47]. An early study [48] that administered *H-FX
to mice reported high and low radioactivity of NIV and FX in urine, respectively. Similarly, the feces of mice administered H-FX
revealed a similar radioactivity pattern (high for NIV and low for FX). These findings suggested that FX was rapidly excreted
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Fig. 2. Metabolic pathways of FX and NIV in animals [69].

Table 2. Comparative LDs, values (mg/kg) of FX by various routes of
administration in different animal species [62]

) . FX LDs, (mg/kg)
Animal species
v 1P SC PO M
Mouse 3.4 34 4.2
Newborn mouse 0.2 4.5
Rat 0.5 4.4
Guinea pig 0.5 0.1
Cat <5.0
Duckling 2.0
Chick 33.79

(before 24 hr) or almost totally transformed into NIV [26, 67] and excreted in urine. FX tissue concentrations were found to

be similar among the tissues tested in mice (heart, lung, liver, stomach, kidney, spleen, thymus, mesenteric lymph nodes, bone
marrow, small and large intestine, cecum, muscle, brain and skin) [48]. This led researchers to speculate that the toxicity of FX
on thymus, spleen, bone marrow and mesenteric lymph nodes was not strictly related to FX accumulation, but also to that of its

metabolites.

TOXICITY

Table 2 summarizes the 50% lethal doses of FX to animals. In mice, signs of acute toxicity were similar following administration
of a single dose of FX via a variety of routes [62]. Oral exposure of FX exerted equipotent toxicity in newborn mice and rats [62].
FX primarily affected organs containing rapidly proliferating cells, including the thymus, spleen, small intestine, testes, skin and
hematopoietic tissues [21]. It led to a variety of adverse effects reported below.

Cytotoxicity

FX alone showed greater toxicity than NIV and other type B trichothecenes in various cell lines, including U-937 macrophages
[55], HL-60 cells [36], RAW 264.7 murine macrophages [40], SF-9 insect cells [18] and Caco-2 cells [2, 7]. Binary combinations
of DON-FX and NIV-FX administered at low concentrations exhibited synergistic toxicity on Caco-2 cells, but a tertiary
combination (DON-NIV-FX) exhibited antagonistic effects [2].

doi: 10.1292/jvms.16-0008 9



The Journal of

Veterinary

Medical

Science S. AUPANUN ET AL.

Immunotoxicity

FX is toxic to organs containing actively proliferating cells. Lymphocyte apoptosis was induced in lymphoid tissues, including
Peyer’s patches, thymus and spleen, after 14 repeated ingestions of low doses of FX (0.1, 0.3 and 0.5 mg/kg BW) in mice [4].
Accordingly, after i.p. injection of FX (3 mg/kg BW), the thymus showed severe atrophy with loss of thymocytes and the thymic
cortex [37]. Recently, Sutjarit and Poapolathep [58] demonstrated that orally administered FX (4 mg/kg BW) induced apoptosis in
hematopoietic cells in the red pulp area of the spleen, hepatocytes around the central lobular zone of the liver and proximal tubular
cells of the kidney in mice. FX also caused apoptosis in Jurkat cell lines [46]. In human promyelocytic leukemia (HL60) cells,
FX stimulated cytochrome c release, followed by activation of multiple caspases [36], which induced apoptosis. Significantly, FX
evoked immunosuppressive effects similar to those of NIV, T-2 toxin and 3-ADON in human peripheral blood mononuclear cells
by depressing T or B lymphocyte activity in a dose-dependent manner [5]. FX exposure suppressed T-cell mitogen and macrophage
responses in the spleens of mice [31, 32]. Forsell and Pestka [19] demonstrated that FX was more potent than other type B
trichothecenes to human lymphocyte blastogenesis; this effect was associated with their C-4 substituent order (acetyl >hydroxyl
>hydrogen). At a molecular level, FX increased the relative mRNA expression of tumor necrosis factor (TNF)-a, interleukin (IL)-6
and IL-8 in clonal human macrophages [55]. Wu et al. [70] found that FX was a potent and persistent inducer of IL-1p and TNF-a
mRNA expression in splenic mice. Furthermore, FX was found to be an effective inducer of cyclooxygenase (COX)-2 mRNA
expression through a selective increase in transcription and stabilization of COX-2 genes in murine macrophages [40].

Gastrointestinal toxicity

The gastrointestinal tract is a common target for p.o. administration of FX. In mice, FX ingestion caused a remarkably persistent
feed refusal to a greater extent than that caused by DON, NIV, 3-ADON and 15-acetyldeoxynivalenol (15-ADON) [69]. FX exerted
an emetic potency greater than other tested mycotoxins (DON, NIV, 3-ADON and 15-ADON) in mink [68]. FX (1.5 mg/kg BW)
induced apoptosis in basal chief and parietal cells of rat gastric mucosa 1 hr after i.p. administration [29] and 1.5 hr after ingestion
[28]. FX disrupted glycolysis and induced intestinal malabsorption by causing hypoglycemia and inhibiting mitosis of intestinal
crypt cells [53]. Furthermore, FX damaged the active transport system of monosaccharides and impaired diffusional movements
between the intestinal epithelial layer and mesenteric vein [27]. FX caused diarrhea by increasing the permeability of either
blood vessel walls or intestinal epithelium [33] or by altering sugar translocation mechanisms [34], but did not modify the cyclic
nucleotide system [35].

Genotoxicity

FX caused cell cycle delay, chromosomal aberrations and sister chromatid exchanges in Chinese hamster V79-E cell lines
through the inhibition of protein synthesis [61]. In addition, FX produced DNA strand breaks in dividing and differentiating human
intestinal (Caco-2) cells in a dose-dependent manner [7].

Carcinogenicity

Many studies have evaluated the carcinogenicity of FX, as its carcinogenic properties have long been suspected. Among the
tested toxins (aflatoxin B, and G, sterigmatocystin and O-acetylsterigmatocystin), FX failed to induce mutagenesis by the Ames
test assay [63]. In male Donryu rats, daily ingestion of FX (7 or 3.5 mg/kg FX in the diet) for 1 or 2 years showed slight incidences
of tumorigenicity [52]. These facts might indicate that FX lacks mutagenic and tumorigenic abilities. Furthermore, treatment with
FX in medakas (Oryzias latipes) demonstrated no evidence of carcinogenetic effects, whereas other toxins (aflatoxin B, and Gy,
sterigmatocystin, ortho-aminoazotoluene, methylazoxymethanol acetate and N-nitrosodiethylamine) induced hepatic carcinomas
[20]. Despite these findings, there is insufficient evidence to show that FX is carcinogenic in experimental animals. In addition, FX
has been classified as a group 3 carcinogen by the International Agency for Research on Cancer (IARC), which indicates it is not
carcinogenic to humans [21].

Developmental toxicity

FX can transfer its toxicity to fetuses via the placenta after being metabolized to NIV in the maternal body [49]. A single
subcutaneous injection of FX (0.63-2.6 mg/kg BW) caused abortion in pregnant mice in a dose dependence manner, whereas FX
ingestion (5, 10 and 20 mg/kg BW) inhibited embryonic implantation during the early phase and throughout the pregnancy period
[24]. Oral administration of FX (3.5 mg/kg BW) to pregnant mice induced apoptosis in fetal brains, especially in the telencephalon
[57].

Other toxicities

Other toxicities of FX have been also reported. Application of FX (5 ug/site) alone on the shaved skin of guinea pigs induced
erythema and hardening due to degenerating fibrocytes and infiltrating cells in the corium [6]. Furthermore, when mycotoxin
mixtures were tested, a synergism appeared after DAS-FX treatment, whereas T-2 toxin-FX mixtures provoked an antagonistic
effect [6].

The antiviral activity of FX was demonstrated against herpes simplex virus type 1 (HSV-1) (50 ng/m/) and HSV type-2 (HSV-2)
(26 ng/ml). This occurred at the viral replication stage after virus adsorption in the host cells [60].
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CONCLUSION

FX is a type B trichothecene and is produced by several Fusarium species. This toxin is predominantly found in temperate
regions, but is likely present worldwide because of the global movement of products. FX is usually found as a co-contaminant with
DON and NIV in agricultural commodities. Although FX is detected at low levels as a contaminant, its toxicity in experimental
animals has been found to be stronger than that reported for other members of the same trichothecenes type B family. However, no
regulations or guidelines currently exist for FX. This toxin primarily impacts organs containing actively dividing cells. Common
adverse effects include immunosuppression and intestinal malabsorption. The major mechanism of action of FX is inhibition
of protein synthesis, but FX can induce apoptosis and alter genetic material causing cell cycle delays, chromosomal aberrations
and sister chromatid exchanges. Moreover, FX exhibits a developmental toxicity by inducing abortion and inhibiting embryonic
implantation. Carcinogenicity in experimental animals and humans is yet to be completely clarified. For this reason, additional
research in this field is warranted.

ACKNOWLEDGMENTS. Authors sincerely thank the Royal Golden Jubilee Ph.D. Program, the Thailand Research Fund, Bangkok,
Thailand. The English editing of the manuscript is acknowledged to Dr H. Owen (University of Queensland, Australia).

REFERENCES

1. Al-Julaifi, M. Z. and Al-Falih, A. M. 2001. Detection of trichothecenes in animal feeds and foodstuffs during the years 1997 to 2000 in Saudi
Arabia. J. Food Prot. 64: 1603—1606. [Medline]

2. Alassane-Kpembi, 1., Kolf-Clauw, M., Gauthier, T., Abrami, R., Abiola, F. A., Oswald, I. P. and Puel, O. 2013. New insights into mycotoxin
mixtures: the toxicity of low doses of Type B trichothecenes on intestinal epithelial cells is synergistic. Toxicol. Appl. Pharmacol. 272: 191-198.
[Medline] [CrossRef]

3. Aniotowska, M. and Steininger, M. 2014. Determination of trichothecenes and zearalenone in different corn (Zea mays) cultivars for human
consumption in Poland. J. Food Compos. Anal. 33: 14-19. [CrossRef]

4. Aupanun, S., Poapolathep, S., Imsilp, K., Prapong, T. and Poapolathep, A. 2015. Oral exposure of fusarenon-X induced apoptosis in Peyer’s
patches, thymus, and spleen of mice. Res. Vet. Sci. 102: 217-222. [Medline] [CrossRef]

5. Berek, L., Petri, I. B., Mesterhazy, A., Téren, J. and Molnar, J. 2001. Effects of mycotoxins on human immune functions in vitro. Toxicol. In Vitro
15: 25-30. [Medline] [CrossRef]

6. Bhavanishankar, T. N., Ramesh, H. P. and Shantha, T. 1988. Dermal toxicity of Fusarium toxins in combinations. Arch. Toxicol. 61: 241-244.
[Medline] [CrossRef]

7. Bony, S., Olivier-Loiseau, L., Carcelen, M. and Devaux, A. 2007. Genotoxic potential associated with low levels of the Fusarium mycotoxins
nivalenol and fusarenon X in a human intestinal cell line. Toxicol. In Vitro 21: 457-465. [Medline] [CrossRef]

8. Cavaliere, C., Ascenzo, G. D., Foglia, P. and Pastorini, E. 2005. Determination of type B trichothecenes and macrocyclic lactone mycotoxins in field
contaminated maize. Food Chem. 92: 559-568. [CrossRef]

9. Cavret, S. and Lecoeur, S. 2006. Fusariotoxin transfer in animal. Food Chem. Toxicol. 44: 444—453. [Medline] [CrossRef]

10. Cundliffe, E., Cannon, M. and Davies, J. 1974. Mechanism of inhibition of eukaryotic protein synthesis by trichothecene fungal toxins. Proc. Natl.
Acad. Sci. U.S.A. 71: 30-34. [Medline] [CrossRef]

11. Cundliffe, E. and Davies, J. E. 1977. Inhibition of initiation, elongation, and termination of eukaryotic protein synthesis by trichothecene fungal
toxins. Antimicrob. Agents Chemother. 11: 491-499. [Medline] [CrossRef]

12. Directorate-General Health and Consumer Protection (DHCP). 2003. Collection of occurrence data of Fusarium toxins in food and assessment of
dietary intake by the population of EU member states. Reports on Task for Scientific Cooperation, 1-606.

13. Eriksen, G. S. and Alexander, J. 1998. Fusarium toxins in cereals-a risk assessment. Nordic Council of Ministers, Copenhagen.

14. European Commission. 2006. Commission Regulation (EC) No. 1881/2006 of 19 December 2006. Setting maximum levels for certain contaminants
in foodstuffs. Off. J. Eur. Union L 364: 5-24.

15. European Commission. 2007. Commission Regulation (EC) No. 1126/2007 of 28 September 2007. Setting maximum levels for certain
contaminants in foodstuffs as regards Fusarium toxins in maize and maize products. Off. J. Eur. Union L 255: 14-17.

16. European Food Safety Authority (ESFA). 2013. Scientific opinion on risks for animal and public health related to the presence of nivalenol in food
and feed. EFSA J. 11: 3262. [CrossRef]

17. Food Safety Commission of Japan (FSCJ). 2010. Risk assessment report deoxynivalenol and nivalenol (mycotoxin). Risk assessment report—
mycotoxin FS/872/2010.

18. Fornelli, F., Minervini, F. and Logrieco, A. 2004. Cytotoxicity of fungal metabolites to lepidopteran (Spodoptera frugiperda) cell line (SF-9). J.
Invertebr. Pathol. 85: 74-79. [Medline] [CrossRef]

19. Forsell, J. H. and Pestka, J. J. 1985. Relation of 8-ketotrichothecene and zearalenone analog structure to inhibition of mitogen-induced human
lymphocyte blastogenesis. Appl. Environ. Microbiol. 50: 1304-1307. [Medline]

20. Hatanaka, J., Doke, N., Harada, T., Aikawa, T. and Enomoto, M. 1982. Usefulness and rapidity of screening for the toxicity and carcinogenicity of
chemicals in medaka, Oryzias latipes. Jpn. J. Exp. Med. 52: 243-253. [Medline]

21. TARC. 1993. Toxins derived from Fusarium graminearum, F. culmorum and F. crookwellense; zearalenone, deoxynivalenol, nivalenol and
fusarenon-X. JARC Monogr. Eval. Carcinog. Risks Hum. 56: 397-444. [Medline]

22. Ibanez-Vea, M., Lizarraga, E. and Gonzalez-Pefias, E. 2011. Simultaneous determination of type-A and type-B trichothecenes in barley samples by
GC-MS. Food Contr. 22: 1428—-1434. [CrossRef]

23. Ibanez-Vea, M., Lizarraga, E., Gonzalez-Pefias, E. and Lopez de Cerain, A. 2012. Co-occurrence of type-A and type-B trichothecenes in barley from
a northern region of Spain. Food Contr. 25: 81-88. [CrossRef]

24. Tto, Y., Ohtsubo, K. and Saito, M. 1980. Effects of fusarenon-X, a trichothecene produced by Fusarium nivale, on pregnant mice and their fetuses.
Jpn. J. Exp. Med. 50: 167-172. [Medline]

doi: 10.1292/jvms.16-0008 11


http://www.ncbi.nlm.nih.gov/pubmed/11601712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23735874?dopt=Abstract
http://dx.doi.org/10.1016/j.taap.2013.05.023
http://dx.doi.org/10.1016/j.jfca.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26412547?dopt=Abstract
http://dx.doi.org/10.1016/j.rvsc.2015.08.012
http://www.ncbi.nlm.nih.gov/pubmed/11259866?dopt=Abstract
http://dx.doi.org/10.1016/S0887-2333(00)00055-2
http://www.ncbi.nlm.nih.gov/pubmed/3355369?dopt=Abstract
http://dx.doi.org/10.1007/BF00316641
http://www.ncbi.nlm.nih.gov/pubmed/17161579?dopt=Abstract
http://dx.doi.org/10.1016/j.tiv.2006.10.014
http://dx.doi.org/10.1016/j.foodchem.2004.10.008
http://www.ncbi.nlm.nih.gov/pubmed/16214283?dopt=Abstract
http://dx.doi.org/10.1016/j.fct.2005.08.021
http://www.ncbi.nlm.nih.gov/pubmed/4521056?dopt=Abstract
http://dx.doi.org/10.1073/pnas.71.1.30
http://www.ncbi.nlm.nih.gov/pubmed/856003?dopt=Abstract
http://dx.doi.org/10.1128/AAC.11.3.491
http://dx.doi.org/10.2903/j.efsa.2013.3262
http://www.ncbi.nlm.nih.gov/pubmed/15050836?dopt=Abstract
http://dx.doi.org/10.1016/j.jip.2004.01.002
http://www.ncbi.nlm.nih.gov/pubmed/2936303?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7169669?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8411625?dopt=Abstract
http://dx.doi.org/10.1016/j.foodcont.2011.03.004
http://dx.doi.org/10.1016/j.foodcont.2011.10.028
http://www.ncbi.nlm.nih.gov/pubmed/7431674?dopt=Abstract

The Journal of

Veterinary

Medical

Science S. AUPANUN ET AL.
25. Juan, C., Ritieni, A. and Maiies, J. 2013. Occurrence of Fusarium mycotoxins in Italian cereal and cereal products from organic farming. Food

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Chem. 141: 1747-1755. [Medline] [CrossRef]

Kongkapan, J., Poapolathep, A., Owen, H. and Giorgi, M. 2015. A Brief overview of our current understanding of nivalenol: A growing potential
danger vet to be fully investigated. Isr: J. Vet. Med. 71: 1-7.

Kumagai, S. and Shimizu, T. 1988. Effects of fusarenon-X and T-2 toxin on intestinal absorption of monosaccharide in rats. Arch. Toxicol. 61:
489-495. [Medline] [CrossRef]

Li, J. and Shimizu, T. 1997. Course of apoptotic changes in the rat gastric mucosa caused by oral administration of fusarenon-X. J. Vet. Med. Sci.
59: 191-199. [Medline] [CrossRef]

Li, J., Shimizu, T., Miyoshi, N. and Yasuda, N. 1997. Rapid apoptotic changes in the gastric glandular epithelium of rats administered
intraperitoneally with fusarenon-X. J. Vet. Med. Sci. 59: 17-22. [Medline] [CrossRef]

Marin, S., Ramos, A. J., Cano-Sancho, G. and Sanchis, V. 2013. Mycotoxins: occurrence, toxicology, and exposure assessment. Food Chem.
Toxicol. 60: 218-237. [Medline] [CrossRef]

Masuda, E., Takemoto, T., Tatsuno, T. and Obara, T. 1982. Immunosuppressive effect of a trichothecene mycotoxin, Fusarenon-X in mice.
Immunology 45: 743-749. [Medline]

Masuda, E., Takemoto, T., Tatsuno, T. and Obara, T. 1982. Induction of suppressor macrophages in mice by Fusarenon-X. Immunology 47:
701-708. [Medline]

Matsuoka, Y. and Kubota, K. 1981. Studies on mechanisms of diarrhea induced by fusarenon-X a trichothecene mycotoxin from Fusarium species.
Toxicol. Appl. Pharmacol. 57: 293-301. [Medline] [CrossRef]

Matsuoka, Y. and Kubota, K. 1982. Studies on mechanisms of diarrhea induced by fusarenon-X, a trichothecene mycotoxin from Fusarium species;
characteristics of increased intestinal absorption rate induced by fusarenon-X. J. Pharmacobiodyn. 5: 193—-199. [Medline] [CrossRef]

Matsuoka, Y. and Kubota, K. 1987. Studies on mechanisms of diarrhea induced by fusarenon-X, a trichothecene mycotoxin from Fusarium species:
fusarenon-X-induced diarrhea is not mediated by cyclic nucleotides. Toxicol. Appl. Pharmacol. 91: 326-332. [Medline] [CrossRef]

Miura, K., Aminova, L. and Murayama, Y. 2002. Fusarenon-X induced apoptosis in HL-60 cells depends on caspase activation and cytochrome ¢
release. Toxicology 172: 103—112. [Medline] [CrossRef]

Miura, K., Nakajima, Y., Yamanaka, N., Terao, K., Shibato, T. and Ishino, S. 1998. Induction of apoptosis with fusarenon-X in mouse thymocytes.
Toxicology 127: 195-206. [Medline] [CrossRef]

Mizuno, S. 1975. Mechanism of inhbition of protein systhesis initiation by diacetoxyscirpenol and fusarenon X in the reticulocyte lysate system.
Biochim. Biophys. Acta 383: 207-214. [Medline] [CrossRef]

Montes, R., Segarra, R. and Castillo, M. A. 2012. Trichothecenes in breakfast cereals from the Spanish retail market. J. Food Compos. Anal. 27:
38-44. [CrossRef]

Moon, Y., Uzarski, R. and Pestka, J. J. 2003. Relationship of trichothecene structure to COX-2 induction in the macrophage: selective action of type
B (8-keto) trichothecenes. J. Toxicol. Environ. Health A 66: 1967-1983. [Medline] [CrossRef]

Ohta, M., Matsumoto, H., Ishii, K. and Ueno, Y. 1978. Metabolism of trichothecene mycotoxins. II. Substrate specificity of microsomal
deacetylation of trichothecenes. J. Biochem. 84: 697-706. [Medline]

Ok, H. E., Choi, S. W., Chang, H. J., Chung, M. S. and Chun, H. S. 2011. Occurrence of five 8- ketotrichothecene mycotoxins in organically and
conventionally produced cereals collected in Korea. Food Contr. 22: 1647-1652. [CrossRef]

Ok, H. E., Choi, S. W, Chung, S. H., Kang, Y. W., Kim, D. S. and Chun, H. S. 2011. Natural occurrence of type-B trichothecene mycotoxins in
Korean cereal-based products. Food Addit. Contam. Part B Surveill. 4: 132—140. [Medline] [CrossRef]

Otsubo, K., Kaden, P. and Mittermayer, C. 1972. Polyribosomal breakdown in mouse fibroblasts (L-cells) by Fusarenon-X, a toxic principle isolated
from Fusarium nivale. Biochim. Biophys. Acta 287: 520-525. [Medline] [CrossRef]

Pestka, J. J. 2010. Toxicological mechanisms and potential health effects of deoxynivalenol and nivalenol. World Mycotoxin J. 3: 323-347.
[CrossRef]

Pestka, J. J., Uzarski, R. L. and Islam, Z. 2005. Induction of apoptosis and cytokine production in the Jurkat human T cells by deoxynivalenol: role
of mitogen-activated protein kinases and comparison to other 8-ketotrichothecenes. Toxicology 206: 207-219. [Medline] [CrossRef]

Poapolathep, A., Poapolathep, S., Sugita-Konishi, Y., Imsilp, K., Tassanawat, T., Sinthusing, C., Itoh, Y. and Kumagai, S. 2008. Fate of fusarenon-X
in broilers and ducks. Poult. Sci. 87: 1510-1515. [Medline] [CrossRef]

Poapolathep, A., Sugita-Konishi, Y., Doi, K. and Kumagai, S. 2003. The fates of trichothecene mycotoxins, nivalenol and fusarenon-X, in mice.
Toxicon 41: 1047-1054. [Medline] [CrossRef]

Poapolathep, A., Sugita-Konishi, Y., Phitsanu, T., Doi, K. and Kumagai, S. 2004. Placental and milk transmission of trichothecene mycotoxins,
nivalenol and fusarenon-X, in mice. Toxicon 44: 111-113. [Medline] [CrossRef]

Rodriguez-Carrasco, Y., Molto, J. C., Berrada, H. and Maxnes, J. 2014. A survey of trichothecenes, zearalenone and patulin in milled grain-based
products using GC-MS/MS. Food Chem. 146: 212-219. [Medline] [CrossRef]

Saengtienchai, T., Poapolathep, S., Isariyodom, S., Ikenaka, Y., Ishizuka, M. and Poapolathep, A. 2014. Toxicokinetics and tissue depletion of
Fusarenon-X and its metabolite nivalenol in piglets. Food Chem. Toxicol. 66: 307-312. [Medline] [CrossRef]

Saito, M., Horiuchi, T., Ohtsubo, K., Hatanaka, Y. and Ueno, Y. 1980. Low tumor incidence in rats with long-term feeding of fusarenon-X, a
cytotoxic trichothecene produced by Fusarium nivale. Jpn. J. Exp. Med. 50: 293-302. [Medline]

Shimizu, T., Nakano, N., Matsui, T. and Aibara, K. 1979. Hypoglycemia in mice administered with fusarenon-X. Jpn. J. Med. Sci. Biol. 32:
189-198. [Medline] [CrossRef]

Streit, E., Schatzmayr, G., Tassis, P., Tzika, E., Marin, D., Taranu, 1., Tabuc, C., Nicolau, A., Aprodu, 1., Puel, O. and Oswald, I. P. 2012. Current
situation of mycotoxin contamination and co-occurrence in animal feed--focus on Europe. Toxins (Basel) 4: 788-809. [Medline] [CrossRef]
Sugita-Konishi, Y. and Pestka, J. J. 2001. Differential upregulation of TNF-a, IL-6, and IL-8 production by deoxynivalenol (vomitoxin) and other
8-ketotrichothecenes in a human macrophage model. J. Toxicol. Environ. Health A 64: 619-636. [Medline] [CrossRef]

Sundstel Eriksen, G., Pettersson, H. and Lundh, T. 2004. Comparative cytotoxicity of deoxynivalenol, nivalenol, their acetylated derivatives and
de-epoxy metabolites. Food Chem. Toxicol. 42: 619-624. [Medline] [CrossRef]

Sutjarit, S., Nakayama, S. M. M., Ikenaka, Y., Ishizuka, M., Banlunara, W., Rerkamnuaychoke, W., Kumagai, S. and Poapolathep, A. 2014.
Apoptosis and gene expression in the developing mouse brain of fusarenon-X-treated pregnant mice. Toxicol. Lett. 229: 292-302. [Medline]
[CrossRef]

Sutjarit, S. and Poapolathep, A. 2016. Fusarenon-X-induced apoptosis in the liver, kidney, and spleen of mice. J. Toxicol. Pathol. 29: 207-211.
[Medline] [CrossRef]

Tanaka, K., Sago, Y., Zheng, Y., Nakagawa, H. and Kushiro, M. 2007. Mycotoxins in rice. Int. J. Food Microbiol. 119: 59—66. [Medline]

doi: 10.1292/jvms.16-0008 12


http://www.ncbi.nlm.nih.gov/pubmed/23870887?dopt=Abstract
http://dx.doi.org/10.1016/j.foodchem.2013.04.061
http://www.ncbi.nlm.nih.gov/pubmed/3190447?dopt=Abstract
http://dx.doi.org/10.1007/BF00293696
http://www.ncbi.nlm.nih.gov/pubmed/9101478?dopt=Abstract
http://dx.doi.org/10.1292/jvms.59.191
http://www.ncbi.nlm.nih.gov/pubmed/9035072?dopt=Abstract
http://dx.doi.org/10.1292/jvms.59.17
http://www.ncbi.nlm.nih.gov/pubmed/23907020?dopt=Abstract
http://dx.doi.org/10.1016/j.fct.2013.07.047
http://www.ncbi.nlm.nih.gov/pubmed/7200080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6216202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7222044?dopt=Abstract
http://dx.doi.org/10.1016/0041-008X(81)90230-1
http://www.ncbi.nlm.nih.gov/pubmed/7097487?dopt=Abstract
http://dx.doi.org/10.1248/bpb1978.5.193
http://www.ncbi.nlm.nih.gov/pubmed/2827346?dopt=Abstract
http://dx.doi.org/10.1016/0041-008X(87)90055-X
http://www.ncbi.nlm.nih.gov/pubmed/11882350?dopt=Abstract
http://dx.doi.org/10.1016/S0300-483X(01)00586-8
http://www.ncbi.nlm.nih.gov/pubmed/9699806?dopt=Abstract
http://dx.doi.org/10.1016/S0300-483X(98)00023-7
http://www.ncbi.nlm.nih.gov/pubmed/1120165?dopt=Abstract
http://dx.doi.org/10.1016/0005-2787(75)90262-2
http://dx.doi.org/10.1016/j.jfca.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/14514436?dopt=Abstract
http://dx.doi.org/10.1080/713853950
http://www.ncbi.nlm.nih.gov/pubmed/721800?dopt=Abstract
http://dx.doi.org/10.1016/j.foodcont.2011.03.023
http://www.ncbi.nlm.nih.gov/pubmed/24785725?dopt=Abstract
http://dx.doi.org/10.1080/19393210.2011.567380
http://www.ncbi.nlm.nih.gov/pubmed/4674442?dopt=Abstract
http://dx.doi.org/10.1016/0005-2787(72)90297-3
http://dx.doi.org/10.3920/WMJ2010.1247
http://www.ncbi.nlm.nih.gov/pubmed/15588914?dopt=Abstract
http://dx.doi.org/10.1016/j.tox.2004.08.020
http://www.ncbi.nlm.nih.gov/pubmed/18648042?dopt=Abstract
http://dx.doi.org/10.3382/ps.2008-00008
http://www.ncbi.nlm.nih.gov/pubmed/12875880?dopt=Abstract
http://dx.doi.org/10.1016/S0041-0101(03)00089-8
http://www.ncbi.nlm.nih.gov/pubmed/15225570?dopt=Abstract
http://dx.doi.org/10.1016/j.toxicon.2004.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24176334?dopt=Abstract
http://dx.doi.org/10.1016/j.foodchem.2013.09.053
http://www.ncbi.nlm.nih.gov/pubmed/24508584?dopt=Abstract
http://dx.doi.org/10.1016/j.fct.2014.01.053
http://www.ncbi.nlm.nih.gov/pubmed/7441908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/529597?dopt=Abstract
http://dx.doi.org/10.7883/yoken1952.32.189
http://www.ncbi.nlm.nih.gov/pubmed/23162698?dopt=Abstract
http://dx.doi.org/10.3390/toxins4100788
http://www.ncbi.nlm.nih.gov/pubmed/11766169?dopt=Abstract
http://dx.doi.org/10.1080/152873901753246223
http://www.ncbi.nlm.nih.gov/pubmed/15019186?dopt=Abstract
http://dx.doi.org/10.1016/j.fct.2003.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24983900?dopt=Abstract
http://dx.doi.org/10.1016/j.toxlet.2014.06.843
http://www.ncbi.nlm.nih.gov/pubmed/27559248?dopt=Abstract
http://dx.doi.org/10.1293/tox.2015-0063
http://www.ncbi.nlm.nih.gov/pubmed/17913273?dopt=Abstract

The Journal of

Veterinary

Medical

Science FUSARENON-X, A TYPE B TRICHOTHECENE MYCOTOXIN
[CrossRef]

60. Tani, N., Dohi, Y., Onji, Y. and Yonemasu, K. 1995. Antiviral activity of trichothecene mycotoxins (deoxynivalenol, fusarenon-X, and nivalenol)

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

against herpes simplex virus types 1 and 2. Microbiol. Immunol. 39: 635-637. [Medline] [CrossRef]

Thust, R., Kneist, S. and Hiihne, V. 1983. Genotoxicity of Fusarium mycotoxins (nivalenol, fusarenon-X, T-2 toxin, and zearalenone) in Chinese
hamster V79-E cells in vitro. Arch. Geschwulstforsch. 53: 9-15. [Medline]

Ueno, Y. 1983. Trichothecenes —chemical, biological and toxicological aspects. Kodansha and Elsevier Science, Tokyo.

Ueno, Y., Kubota, K., Ito, T. and Nakamura, Y. 1978. Mutagenicity of carcinogenic mycotoxins in Salmonella typhimurium. Cancer Res. 38:
536-542. [Medline]

Ueno, Y., Nakajima, M., Sakai, K., Ishii, K., Sato, N. and Shimada, N. 1973. Comparative toxicology of trichothec mycotoxins: inhibition of protein
synthesis in animal cells. J. Biochem. 74: 285-296. [Medline]

Vanheule, A., Audenaert, K., De Boevre, M., Landschoot, S., Bekaert, B., Munaut, F., Eeckhout, M., Hofte, M., De Saeger, S. and Haesaert, G.
2014. The compositional mosaic of Fusarium species and their mycotoxins in unprocessed cereals, food and feed products in Belgium. /nt. J. Food
Microbiol. 181: 28-36. [Medline] [CrossRef]

WHO. 1990. Selected mycotoxin: ochratoxins, trichothecenes, ergot. Environmental Health Criteria 105. Geneva: International Programme on
Chemical Safety. World Health Organization. 71-164.

Wu, Q., Dohnal, V., Huang, L., Ku¢a, K. and Yuan, Z. 2010. Metabolic pathways of trichothecenes. Drug Metab. Rev. 42: 250-267. [Medline]
[CrossRef]

Wu, W., Bates, M. A., Bursian, S. J., Link, J. E., Flannery, B. M., Sugita-Konishi, Y., Watanabe, M., Zhang, H. and Pestka, J. J. 2013. Comparison
of emetic potencies of the 8-ketotrichothecenes deoxynivalenol, 15-acetyldeoxynivalenol, 3-acetyldeoxynivalenol, fusarenon X, and nivalenol.
Toxicol. Sci. 131: 279-291. [Medline] [CrossRef]

Wu, W., Flannery, B. M., Sugita-Konishi, Y., Watanabe, M., Zhang, H. and Pestka, J. J. 2012. Comparison of murine anorectic responses to the
8-ketotrichothecenes 3-acetyldeoxynivalenol, 15-acetyldeoxynivalenol, fusarenon X and nivalenol. Food Chem. Toxicol. 50: 2056-2061. [Medline]
[CrossRef]

Wu, W., He, K., Zhou, H. R., Berthiller, F., Adam, G., Sugita-Konishi, Y., Watanabe, M., Krantis, A., Durst, T., Zhang, H. and Pestka, J. J. 2014.
Effects of oral exposure to naturally-occurring and synthetic deoxynivalenol congeners on proinflammatory cytokine and chemokine mRNA
expression in the mouse. Toxicol. Appl. Pharmacol. 278: 107-115. [Medline] [CrossRef]

Xue, H. L., Bi, Y., Tang, Y. M., Zhao, Y. and Wang, Y. 2014. Effect of cultivars, Fusarium strains and storage temperature on trichothecenes
production in inoculated potato tubers. Food Chem. 151: 236-242. [Medline] [CrossRef]

Zachariasova, M., Dzumana, Z., Veprikova, Z., Hajkova, K., Jiru, M., Vaclavikova, M., Zachariasova, A., Pospichalova, M., Florian, M. and
Hajslova, J. 2014. Occurrence of multiple mycotoxins in European feeding stuffs, assessment of dietary intake by farm animals. Anim. Feed Sci.
Technol. 193: 124—140. [CrossRef]

doi: 10.1292/jvms.16-0008 13


http://dx.doi.org/10.1016/j.ijfoodmicro.2007.08.002
http://www.ncbi.nlm.nih.gov/pubmed/7494505?dopt=Abstract
http://dx.doi.org/10.1111/j.1348-0421.1995.tb02254.x
http://www.ncbi.nlm.nih.gov/pubmed/6222715?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/342092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4586675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24806576?dopt=Abstract
http://dx.doi.org/10.1016/j.ijfoodmicro.2014.04.012
http://www.ncbi.nlm.nih.gov/pubmed/19678805?dopt=Abstract
http://dx.doi.org/10.3109/03602530903125807
http://www.ncbi.nlm.nih.gov/pubmed/22997060?dopt=Abstract
http://dx.doi.org/10.1093/toxsci/kfs286
http://www.ncbi.nlm.nih.gov/pubmed/22465835?dopt=Abstract
http://dx.doi.org/10.1016/j.fct.2012.03.055
http://www.ncbi.nlm.nih.gov/pubmed/24793808?dopt=Abstract
http://dx.doi.org/10.1016/j.taap.2014.04.016
http://www.ncbi.nlm.nih.gov/pubmed/24423527?dopt=Abstract
http://dx.doi.org/10.1016/j.foodchem.2013.11.060
http://dx.doi.org/10.1016/j.anifeedsci.2014.02.007

