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signaling pathway is induced by oxidative stress, which 
also induces caspase-mediated cellular apoptosis path-
ways. Several new metabolites and novel metabolic path-
ways of T-2 toxin have been discovered very recently. In 
human cell lines, HT-2 and neosolaniol (NEO) are the 
major metabolites of T-2 toxin. Hydroxylation on C-7 
and C-9 are two novel metabolic pathways of T-2 toxin 
in rats. The metabolizing enzymes CYP3A22, CYP3A29, 
and CYP3A46 in pigs, as well as the enzymes CYP1A5 
and CYP3A37 in chickens, are able to catalyze T-2 toxin 
and HT-2 toxin to form the C-3′–OH metabolites. Simi-
larly to carboxylesterase, CYP3A29 possesses the hydro-
lytic ability in pigs to convert T-2 toxin to NEO. T-2 
toxin is able to down- or upregulate cytochrome P-450 
enzymes in different species. The metabolism of DON in 
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humans is region-dependent. Free DON and DON-glucu-
ronide are considered to be the biomarkers for humans. 
The masked mycotoxin DON-3-β-d-glucoside can be 
hydrolyzed to free DON in the body. This review will 
provide useful information on the progress of oxidative 
stress as well as on the metabolism and the metaboliz-
ing enzymes of T-2 toxin and DON. Moreover, the litera-
ture will throw light on the blind spots of metabolism and 
toxicological studies in trichothecenes that have to be 
explored in the future.

Keywords  T-2 toxin · Deoxynivalenol (DON) · Oxidative 
stress · ROS · Metabolism · Metabolizing enzymes

Abbreviations
ALAT	� Alanine aminotransferase
ALT	� Alanine transaminase
ASAT	� Aspartate aminotransferase
AST	� Aspartate transaminase
ATA	� Alimentary toxic aleukia
BBB	� Blood–brain barrier
CAT	�C atalase
CES1C5	�C arboxylesterase 1C5
CYP450	�C ytochrome P-450
DOM-1	�C 12,13-deepoxy-DON
DON	� Deoxynivalenol
DON-3-Glc	� DON-3-O-glucoside
DON-GlcA	� DON-glucuronide
EPHX1	�E poxide hydrolase
EROD	�E thoxyresorufin O-deethylase
GGT	� γ-Glutamyltransferase
GPT	� Glutamate pyruvate transaminase
GPx	� Glutathione peroxidase
GSH	� Glutathione
HSP-70	� Heat-shock protein-70
MAPK	� Mitogen-activated protein kinases
MDA	� Malondialdehyde
MROD	� Methoxyresorufin O-demethylase
NEO	� Neosolaniol
NHA	� Normal human astrocytes
NHLF	� Normal human lung fibroblasts
NMR	� Nuclear magnetic resonance
PBMC	� Peripheral blood mononuclear cells
PROD	� Pentoxyresorufin O-depentylase
ROS	� Reactive oxygen species
RPTEC	� Renal proximal tubule epithelial cells
SOD	� Superoxidae dismutase
TBARS	� Thiobarbituric acid substance
TDI	� Tolerable daily intake
UDPGA	� Uridine 5′-diphospho-glucuronic acid
UGTs	� UDP-glucuronosyltransferases
γ-GT	� γ-Glutamyl transferase

Introduction

The trichothecenes are a large family of metabolites that 
are mainly produced by the fungi of Fusarium genus (Ben-
nett and Klich 2003). The consumption of these toxins 
by farm animals and humans has a wide variety of toxic 
effects: hemorrhage, diarrhea, emesis, leucopenia, immu-
nosuppression, decreased reproductive capacity, bone mar-
row damage, and radiomimetic injury to tissues are the 
common clinical signs (Wu et al. 2010). According to their 
characteristic functional groups, the trichothecenes are 
subdivided into four types (A–D) (Li et al. 2011; Wu et al. 
2013). T-2 toxin and DON, belonging to type A and type B 
group, respectively, are considered to be the most important 
trichothecenes due to their great toxicity and widespread 
dissemination (Fig. 1).

T-2 toxin with the highest toxicity cause sublethal and 
even lethal toxicosis in humans and farm animals (Dohnal 
et al. 2008; Wu et al. 2012; Bennett and Klich 2003). Ali-
mentary toxic aleukia (ATA), a disease that affects only 
humans, has been associated primarily with the ingestion 
of musty cereal infected with T-2 toxin (Joffe 1974). Due 
to its great toxicity and stability, T-2 toxin has been clas-
sified as a biological weapon (Kuca and Pohanka 2010). 
Recently, it is reported that T-2 toxin enters the brain via 
the blood–brain barrier (Weidner et  al. 2013a) and that it 
reaches the fetus through the placenta (Wang et al. 2014). 
In China, high contamination of T-2 toxin in drinking water 
and grains has been reported in the provinces of Qinghai 
and Sichuan (Sun et al. 2012; Wang et al. 2012). In Europe, 
especially in the Nordic countries, the contamination of 
cereals with T-2 and HT-2 toxins is also a serious problem 
(Beyer et al. 2009). The WHO/FAO Joint Expert Commit-
tee on Food Additives (JECFA 2001) as well as other inter-
national bodies, such as the European Union (SCF 2001, 
2002), have carried out risk assessment and management of 
T-2 toxin in human foods.

Deoxynivalenol is less toxic than T-2 toxin and many oth-
ers, but it is the most widely distributed trichothecene and is 
commonly found in barley, corn, rye, safflower seed, wheat, 
and mixed feed (Bennett and Klich 2003; Wu et al. 2013). 
For humans, dizziness, throat irritation, nausea, vomiting, 
diarrhea, and blood in the stool are mentioned as symptoms 
of DON intoxication (SCF 1999). The European Commis-
sion (2006) has established the maximum levels for DON 
(1,250  μg/kg in cereals; 200  μg/kg in processed cereal-
based foods; and baby foods). The temporary tolerable daily 
intake (TDI) has been set at 1.0  μg/kg b.w. Furthermore, 
in crops including rice, wheat, and barley, DON can be 
transformed to the glucose-conjugated product, DON-3-O-
glucoside (DON-3-Glc) (Berthiller et  al. 2005, 2013). The 
conjugated mycotoxins, which are generally referred to as 
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“masked” or “hidden” mycotoxins, have become an increas-
ing concern for scientists over the last few decades. The 
chemical behavior of masked mycotoxins is fundamentally 
different from that of their unmasked counterparts. Thus, 
their vast majority is not detected during routine analyses. 
These compounds can be totally or partially hydrolyzed 
after ingestion to release the parent aglycone, thus leading 
to an increased exposure (Galaverna et al. 2009). Normally, 
DON-3-Glc has lower toxicity, and the free DON that is 
released in the digestive tract will cause the toxic effects on 
animals and humans (Berthiller et al. 2013).

Trichothecenes have the ability to induce apoptosis in 
macrophages (Zhou and Pestka 2003). The most promi-
nent molecular target of trichothecenes is the 60S riboso-
mal subunit. Trichothecenes binding to ribosomes can rap-
idly activate mitogen-activated protein kinases (MAPKs) 
and induce apoptosis in a process known as “ribotoxic 
stress response” (Pestka 2007). Numerous studies have 
reported that oxidative stress is also an important underly-
ing mechanism in the toxicity of trichothecenes (El Golli 
et al. 2006; Krishnaswamy et al. 2010; Chaudhary and Rao 
2010; Wu et al. 2011a, b; Fang et al. 2012). Trichothecenes 
significantly increase the levels of reactive oxygen species 
(ROS) and deplete intracellular reduced glutathione (GSH). 
Moreover, they increase lipid peroxidation which leads 
to single-strand breaks in DNA (Chaudhari et  al. 2009a, 
b). Subsequently, some signaling pathways, including 
MAPK, are induced by which cell apoptosis is triggered 
(Sehata et al. 2005). However, some other researchers have 
shown that oxidative damage is not the major contributor 
to trichothecene toxicity, since the indexes of the oxidative 
stress, such as the generation of ROS, lipid peroxidation, or 
the induction of Heat Shock Protein-70 (HSP-70), have not 
been registered in these studies, although the DNA dam-
age and apoptosis have been observed (Frankic et al. 2006; 
Rezar et al. 2007; Bensassi et al. 2009; Awad et al. 2012). 
Thus, it seems that a discrepancy with regard to the effect 
of oxidative stress on trichothecenes may exist, albeit some 
researchers have explained that the different doses used in 
the various studies are the potential reason of this mismatch 
(Frankic et al. 2006; Sahu et al. 2010). Therefore, a detailed 
and systematical discussion of trichothecene-induced oxi-
dative stress is necessary for getting a thorough understand-
ing of the toxic mechanism of trichothecenes.

During the last decades, the metabolism of tri-
chothecenes has been accurately studied and many metabo-
lites have been identified (Li et al. 2011). The major met-
abolic pathways of T-2 toxin in animals are hydrolysis, 
hydroxylation, deepoxidation, and conjugation. The com-
mon metabolites of T-2 toxin in animals and humans are 
HT-2 toxin, neosolaniol (NEO), 3′-OH-T-2, 3′-OH-HT-2, 
T-2 triol, T-2 tetraol, and some C12,13-deepoxy products 
(Wu et  al. 2010, 2013). Today, it seems to be difficult to 
find new metabolites of T-2 toxin, and most studies are 
currently focusing on the toxic mechanism of the major 
metabolites or on controlling strategies. However, sev-
eral new T-2 toxin metabolites and some novel metabolic 
pathways are reported recently, as for example, nine novel 
metabolites of T-2 toxin have been reported in rats in vivo. 
Moreover, hydroxylations at C-7 and C-9 have been identi-
fied as two novel metabolic pathways (Yang et  al. 2013). 
Also in pigs, a new phase II metabolite of T-2 toxin, HT-
2-4-glucuronide, has been identified (Welsch and Humpf 
2012). In addition, Wu et  al. (2011a, b) have reported on 
the metabolism of T-2 in carp for the first time. The metab-
olizing enzymes play important roles in the biotransforma-
tion of the T-2 toxin. Furthermore, the enzymes are respon-
sible for different metabolic fates in species. However, the 
metabolizing enzymes have rarely been reported before, 
which hinders our in-depth knowledge of the metabolism 
of trichothecenes. In recent years, as it has been reported 
that CYP3A22, CYP3A29, and CYP3A46 in pigs, as well 
as CYP1A5 and CYP3A37 in chickens, are critical metabo-
lizing enzymes of T-2 toxin and HT-2 toxin (Ge et al. 2010; 
Wu et  al. 2011a, b; Wang et  al. 2011; Shang et  al. 2013; 
Yuan et al. 2013). These studies cast a new light on metab-
olizing enzymes and toxicities of trichothecenes, which 
could lead to further studies dedicated to this topic.

Deoxynivalenol can be transformed to C12,13-deepoxy 
metabolite, DOM-1, in rodents, pigs, chickens, and rumi-
nants. The conjugated products, DON-glucuronide, DON-
sulfate, and DOM-l-glucuronide, have also been identified 
in ruminants (Wu et  al. 2010). Some new metabolites of 
DON have been detected recently in rats and chicken (Wan 
et al. 2014). In earlier studies, liver is considered not to be 
able to metabolize DON to any phase I of phase II products 
(Cote et  al. 1987). Recently, several studies have proven 
that DON can be metabolized to a variety of phase II 

Fig. 1   Chemical structure of 
T-2 toxin and deoxynivalenol 
(DON)
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metabolites by liver enzymes (Maul et al. 2012; Uhlig et al. 
2013). Free DON and DON-GlcA are considered to be the 
biomarkers for humans exposed to DON. The metabolism 
of DON in humans is region-dependent (Turner et al. 2011; 
Warth et al. 2011, 2012; Gratz et al. 2013). Thus, it is nec-
essary to provide a new summary of the metabolism of the 
most important trichothecenes T-2 toxin and DON in ani-
mals and humans.

In this review, we aim at discussing the toxic mechanism 
of trichothecenes from the vantage point of oxidative stress. 
Furthermore, we would like to find an explanation to the 
differences between the effects that have been ascribed to 
the oxidative stress caused by trichothecenes in different 
studies. Our main goal, however, consists in summarizing 
the most recent findings on the metabolism of T-2 toxin 
and DON as well as on their metabolizing enzymes. In the 
present review, we will mainly focus on the reports on the 
metabolism of T-2 toxin and DON that have been published 
in the recent years. Additionally, the conjugated metabolites 
of DON as well as the fate of “masked” DON in animals 
and humans will be addressed. We believe that this review 
will provide a comprehensive overview of the knowledge 
on the toxic mechanism and metabolism of trichothecenes. 
Moreover, it will cast some light on the metabolism and 
toxicological studies in trichothecenes.

Oxidative stress and trichothecenes

The toxic mechanism of trichothecenes was well discussed 
by Pestka (2007). Trichothecenes bind to ribosome and rap-
idly activate MAPKs via a mechanism known as the “ribot-
oxic stress response.” MAPKs are important transducers of 
downstream signaling events related to immune response 
and apoptosis. Currently, increasing studies have proven 
that oxidative stress is an important underlying cytotoxic 
mechanism of trichothecenes (Doi and Uetsuka 2011).

Oxidative stress induced by the generation of ROS is the 
mechanism of toxicity for a variety of chemicals (Stacey 
and Klaassen 1981; Sahu et  al. 2010; Sinha et  al. 2013). 
Oxidative stress may occur either due to the overproduction 
of ROS or due to a decrease in cellular antioxidant levels. 
Overproduction of ROS may induce cell oxidative injury, 
such as DNA damage, oxidation of proteins, and lipid per-
oxidation (Mates 2000; Chaudhari et  al. 2009a). The pri-
mary antioxidant enzymes responsible for protection from 
oxidative stress are superoxidase dismutase (SOD), cata-
lase (CAT), and glutathione peroxidase (GPx) (Hou et  al. 
2013).

Several studies have shown that oxidative stress is 
involved in the toxicities of trichothecene mycotoxins 
(El Golli et  al. 2006). Trichothecenes are able to gener-
ate free radicals, including ROS that induce lipid per-
oxidation, which leads to changes in membrane integrity, 

cellular redox signaling, and changes in the antioxidant 
status of the cells (Krishnaswamy et al. 2010). Elucidating 
trichothecene-induced oxidative stress is of importance for 
the understanding of the toxic mechanism of trichothecenes 
as well as for improving the strategies for controlling toxin 
contamination.

Trichothecenes are able to induce lipid peroxidation in 
different species. In rats, trichothecenes have induced free 
radical-mediated lipid peroxidation (Rizzo et al. 1994). In 
chickens, the concentration of hepatic malondialdehyde 
(MDA), a typical biomarker for lipid peroxidation, has 
been considerably increased (128 %) after 7 days of treat-
ment with T-2 toxin (1.5  mg/kg BW) (Leal et  al. 1999). 
Similarly, after treatment with T-2 toxin (1–6.25  mg/kg 
BW) for 24–48 h, an increase of lipid peroxidation in the 
liver as measured by MDA production is detected in mice 
(Vilà et al. 2002).

Pregnant rats were treated orally with 2  mg/kg of T-2 
toxin. An increased expression of oxidative stress- and 
apoptosis-related genes was detected in the liver before the 
mice were killed after 12 h (Sehata et al. 2005). Decreased 
expression of lipid metabolism- and metabolizing enzyme-
related genes were also detected. Their study also shows 
that MAPK pathway might be involved in apoptosis. In 
particular, c-jun gene seems to play an important role in 
the process of apoptosis. Thus, T-2 toxin induces oxidative 
stress, followed by the activation of the MAPK pathway, 
finally inducing apoptosis. Caspase-2 is essential for T-2 
toxin-induced apoptosis, and apoptotic signals are mainly 
transmitted via caspase-8 and caspase-3 rather than through 
mitochondrial pathway (Huang et al. 2007).

Chaudhari et  al. (2009a) have shown that oxidative 
stress is one of the mechanisms of T-2 toxin-mediated tox-
icity. The oxidative stress was determined after mice were 
treated intraperitoneally with T-2 toxin (5.61 or 11.22 mg/
kg BW) for 24 h. A threefold increase in MDA levels was 
noticed at the time of death. Additionally, at the higher 
dose (11.22  mg/kg BW), the activity of both antioxidant 
enzyme glutathione-S-transferase (GST) and SOD was 
increased after 4 h. HSP-70 was induced by the oxidative 
stress in response to T-2 toxin. In another study (Chaud-
hari et  al. 2009b), T-2 toxin (10  ng/mL) caused genera-
tion of ROS as early as 30 min and reached its peak after 
4  h. Finally, it was followed by increased lipid peroxida-
tion in human cervical cancer cells (HeLa cells). T-2 toxin-
induced single-strand DNA damage was detectable at 2 and 
4 h. This working group also showed that T-2 toxin could 
induce significant oxidative damage in mice brain in terms 
of depletion of hepatic glutathione, increased ROS and 
lipid peroxidation, alternations in activity of antioxidant 
enzymes as well as protein oxidation in a time-dependent 
manner (Chaudhary and Rao 2010). Oxidative stress is 
also one potential mechanism of the skin inflammation and 
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cutaneous injury caused by T-2 toxin. Significant increase 
of ROS in mice skin could be observed as early as 3 h post-
exposure of T-2 toxin (Agrawal et  al. 2012). Finally, it is 
demonstrated that T-2 toxin-induced oxidative stress con-
tributes to the pathological process of cartilage damage in 
Kashin-Beck disease (Chen et al. 2012).

The ROS-mediated mitochondrial pathway plays an 
important role in the process of T-2 toxin-induced apop-
tosis. Ovarian granulosa cells of rats were treated with 
T-2 toxin (1-100 nM) for 24  h, ROS accumulation was 
induced, and the reduction of mitochondrial transmem-
brane potential could be detectable (Wu et al. 2011a). The 
mitochondrial dysfunction by T-2 toxin in rat cardiomyo-
cytes is largely associated with oxidative stress (Ngam-
pongsa et al. 2013). ROS generation and GSH depletion, 
together with lipid peroxidation in differentiated murine 
embryonic stem cells, have confirmed that oxidative 
stress is an underlying mechanism of T-2 toxin cytotoxic-
ity (Fang et al. 2012). In the studies of Wu et al. (2011a) 
as well as those of Fang et al. (2012), T-2 toxin-induced 
apoptosis was not completely blocked by the inhibitor, 
thus the authors have suggested that other pathways may 
also be involved in the regulation of apoptosis. Indeed, 
another caspase-independent apoptosis-inducing fac-
tor (AIF) pathway is also involved in T-2 toxin-induced 
apoptosis (Chaudhari et  al. 2009b). The toxicity of T-2 
toxin in chicken primary hepatocytes was investigated 
by proteomic analysis (Mu et  al. 2013). The proportion 
of ROS-positive cells and intensity of the ROS signal in 
0.05  μg/mL T-2 toxin-treated cells increased over time. 
The mitochondrial mass and cellular ATP levels were 
also increased. The induced oxidative stress and mito-
chondrial enhancement induced by T-2 toxin are very 
possibly caused by the changes in the expression of pro-
teins related to cell oxidative stress and the mitochondrial 
proteome.

Contrary to the studies mentioned above, however, sev-
eral studies have not been caused by the oxidative stress 
induced by T-2 toxin. Schuster et  al. (1987) studied the 
effects of T-2 toxin on the lipid peroxidation in rats, but 
no increase of lipid peroxidation was observed. There-
fore, they have suggested that lipid peroxidation does not 
play a major role in T-2 toxin toxicity. Chickens received 
feed, which contained T-2 toxin (10 mg/kg feed) or DON 
(10 mg/kg feed) for 17 days. Although DNA fragmentation 
was induced significantly in spleen leukocytes, no induc-
tion of the lipid peroxidation was observed (Frankic et al. 
2006). Similarly, no oxidative stress was detectable when 
chickens were treated with T-2 toxin (0.5–13.5  mg/kg of 
feed) for 17 days (Rezar et al. 2007). Possibly, the different 
doses of the toxin are responsible for the different results, 
since a much higher dose of mycotoxins was used in the 
studies, in which the oxidative stress effect was registered.

Deoxynivalenol as the important type B trichothecenes 
induces oxidative stress. In the human intestinal cell line 
Caco-2 cells, DON (1–150 μM) significantly increased the 
production of MDA starting at the concentration of 10 μM 
(Kouadio et  al. 2005). In U937 and HT-29 cells, DON 
induced a significant increase of ROS levels (49–65  %) 
(Costa et  al. 2009; Krishnaswamy et  al. 2010). The for-
mation of free radicals and ROS are involved in the DNA 
damage. Zhang et al. (2009) used human hepatoma HepG2 
cells to assess the role of oxidative stress in DON-induced 
DNA damage. A remarkable increase in ROS occurred 
when a concentration of DON 60 μM was used, whereas 
lower concentrations (15 or 30 μM) were not able to trig-
ger a significant induction of ROS. DON increases the 
DNA migration in a dose-dependent manner. A notable 
increase in lipid peroxidation is also detectable at a rela-
tively higher dose of DON (15  μM). The non-cytotoxic 
concentrations of DON had not lead to a higher oxidation 
rate in HepG2 cells (Sugiyama et  al. 2012). In rat liver 
clone-9 cells, however, DON induced a significant concen-
tration-dependent increase in oxidative stress at concentra-
tions from 10 μg/mL onward. The mitochondrial function 
decreased with the increasing concentration of DON, but it 
was not statistically different from that of the control value 
(Sahu et  al. 2008). Very recently, the human lymphocytes 
were cultured in different doses of DON during 6, 12 and 
24 h (Yang et al. 2014). The damage to the membrane, the 
chromosomes, or the DNA was observed at all times of cul-
ture. The levels of lipid peroxidation and the 8-hydroxyde-
oxyguanosine and ROS were also increased.

Naturally contained mycotoxins are able to induce the 
oxidative stress in mice (Hou et  al. 2013). Maize con-
taminated with mycotoxins (DON 3.1 mg/kg, zearalenone 
0.729  mg/kg, aflatoxins 0.597  mg/kg) was incorporated 
into the mouse’s diet, and blood and tissue samples were 
collected to examine the oxidative stress-related indexes. 
The treatment increased the GPx activity and MDA level in 
the serum and liver. The activity of CAT and SOD was also 
markedly decreased. Moreover, the multiple mycotoxin-
contaminated diet may cause more serious damage than the 
single or pure mycotoxin.

Similarly to T-2 toxin, several studies have shown that 
the oxidative damage is not the major contributor to DON 
toxicity. Bensassi et  al. (2009) studied the cytotoxicity of 
DON on human colon carcinoma cells, but they observed 
neither the generation of ROS nor the induction of HSP-70. 
Thus, they have suggested that DON directly induces DNA 
lesions, but not via the release of ROS. Furthermore, this 
toxin seems to act as a direct genotoxic agent, which causes 
DNA fragmentation and leads to p53- and caspase-depend-
ent apoptosis. Broilers were fed with a diet artificially 
contaminated with 10  mg of feed-grade DON/kg of diet 
(Awad et al. 2012). DNA damage in chicken lymphocytes 
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was observed; however, the concentration of mitochondrial 
thiobarbituric acid substance (TBARS), which acts as an 
indicator of lipid peroxidation, was not different from that 
of the control group. A similar assumption has also been 
proposed that DNA damage is mostly induced by the direct 
action of DON or through different epigenetic mechanisms, 
such as the formation of DNA adducts rather than via the 
formation of free radicals. Sahu et al. (2010) assessed the 
hepatotoxicity of DON (0–25 μg/mL) in rat (Clone9 and 
MH1C1), mouse (NBL CL2) and human liver (WRL68 and 
HepG2) cells. They have not observed any oxidative stress 
in any of these cell lines. Similar result was also reported 
by Frankic et  al. (2008), who have studied the effect of 
DON (4 mg/kg feed) and T-2 toxin (3 mg/kg feed) on lipid 
peroxidation, lymphocyte DNA fragmentation in weaned 
pigs. DON and T-2 toxin significantly increased the amount 
of DNA damage in pig lymphocytes. However, MDA 
excretion rate in plasma and 24-h urine as well as erythro-
cyte GPx levels were not changed significantly.

In summary, trichothecenes are able to induce oxidative 
stress in cells. Normally, trichothecenes damage the nor-
mal function of mitochondria and release the free radicals, 
including ROS, induce the lipid peroxidation, and change 
the antioxidant status of the cells, thereby reducing the 
activity of the antioxidant enzymes, such as GST, SOD and 
CAT in the body. DNA damage is an earlier event corre-
lating with the generation of ROS and lipid peroxidaion. 

Some signaling pathways, including MAPK, are subse-
quently induced by oxidative stress, and caspase-mediated 
apoptosis pathways are activated. Some caspase-independ-
ent pathways, such as the AIF pathway, are also involved in 
cell apoptosis. However, there exists a discrepancy regard-
ing the involvement of oxidative stress in trichothecene 
toxicity. The different doses that have been used in the 
different studies seem to be the reason for these contradic-
tory results. The speculated mechanism of oxidative stress-
mediated trichothecene toxicity in animals is presented in 
Fig. 2.

Metabolism of T‑2 toxin and DON

T‑2 toxin

Metabolic pathways

The metabolism of T-2 toxin has already been studied since 
1980s, and a variety of metabolites are identified over the 
last decades. The metabolism of T-2 toxin can notably 
occur in the liver and the digestive tract. The major con-
cerned metabolic pathways of T-2 toxin are hydrolysis, 
hydroxylation, deepoxidation, and conjugation (Dohnal 
et  al. 2008). The detailed information on the metabolic 
pathways in different species has already been summarized 

Fig. 2   Speculated mechanism 
of oxidative stress-mediated 
toxicity of trichothecene in 
animals
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in earlier reviews (Dohnal et al. 2008; Wu et al. 2010; Li 
et al. 2011). In recent years, numerous studies on biotrans-
formation of T-2 toxin in animals and humans have been 
carried out and have given us a new understanding of T-2 
metabolism.

In order to get a global metabolic profile of T-2 toxin in 
food-producing animals, a comparison of hepatic in vitro 
metabolism of T-2 toxin in pigs, chicken, carp (grass carp 
and common carp), and rats was made (Wu et al. 2011b). 
No new metabolites were detectable, but some qualita-
tive similarities and interesting differences across the 
species were observed. The metabolites including HT-2 
toxin, NEO, 3′-OH-T-2, 3′-OH-HT-2, and T-2 triol were 
detected in these animals. Hydrolysis for the formation of 
HT-2 toxin was the major metabolic pathway in these land 
animals (pigs, chickens, and rats). Moreover, contrary to 
the three land animals, the relative content of HT-2 toxin 
was lower or even undetectable in the carp liver micro-
somes. However, a higher percentage of 3′-OH-T-2 could 
be detected. These results suggest that ester hydrolysis 
in a carp may not be as an important route as it is in land 
animals. Although the authors of this study have demon-
strated a different major metabolic pathway of T-2 toxin in 
carp, the metabolic fate of T-2 toxin in more aquatic spe-
cies needs to be established to confirm their conclusion. In 

order to reveal an important aspect of the bioavailability of 
T-2 toxin, Wu et al. (2012) studied the degradation and the 
metabolism of T-2 toxin in the pig intestine. A large vari-
ation in the intestinal degradation of T-2 toxin was visible 
for individual pigs. Moreover, HT-2 toxin was the only 
detectable metabolite. Therefore, it is highly plausible that 
the toxicity of T-2 toxin for pigs is caused by the combina-
tion of T-2 and HT-2 toxins.

Recently, the research group led by Prof. Dr. Humpf 
(Muenster University, Germany) has contributed a series of 
publications on the metabolism of T-2 toxin in human cells 
(2009–2013). A new metabolite of T-2 toxin, namely HT-
2-4-glucuronide, was identified in pig liver microsomes as 
well as in pig urine (Welsch and Humpf 2012) (Fig. 3). In 
this study, glucuronidation of T-2 and HT-2 toxin in liver 
microsomes of rat, mouse, pig, and human was compared. 
HT-2-3-glucuronide accounted for half of the quantified 
metabolites in human liver microsomes. Thus, both HT-2 
toxin glucuronide isomers should be taken into account 
when studying the metabolism of T-2 toxin.

After the incubation of T-2 toxin with human renal 
proximal tubule epithelial cells (RPTEC) and normal 
human lung fibroblasts (NHLF) in primary culture for 24 
and 48  h, HT-2 toxin was detected as the major metabo-
lite (Königs et  al. 2009). Further metabolic activity could 
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only be observed in RPTECs, which formed NEO as a sec-
ond metabolite. Moreover, the cleavage of the acetyl group 
at the C-4 position does not affect the toxicity seriously, 
but once the C-8-isovaleryl group is lost, the cytotoxicity 
reduces greatly. In order to study the metabolism of T-2 
toxin close to the human situation in vivo, the metabo-
lism of T-2 toxin in a cell line derived from human colon 
carcinoma cells (HT-29) and RPTECs was investigated 
(Weidner et al. 2012). Besides HT-2 toxin and NEO, other 
metabolites, such as 3′-OH-T-2, 4-deacetylneosolaniol, 
T-2-glucuronide and HT-2-glucuronide, were also identified 
in RPTECs after an incubation of 48 h. Nevertheless, HT-2 
toxin and NEO were still the major metabolites, while the 
others only accounted for less than approximately 1–5 % of 
the total amount of T-2 toxin metabolites. In HT-29 cells, 
besides these metabolites, T-2 triol was also detected, while 
HT-2 toxin represented the main metabolite. Importantly, 
the metabolic fate of T-2 toxin in human primary cells does 
not necessary lead to a detoxification (Weidner et al. 2012). 
Furthermore, both T-2 and HT-2 toxins are able to enter 
the brain via the blood–brain barrier to induce neurotoxic 
effects (Weidner et al. 2013a). The uptake and metabolism 
of T-2 toxin in normal human astrocytes in primary culture 
(NHA) was also studied by the same research group (Wei-
dner et al. 2013b). They have also analyzed the uptake of 
T-2 toxin by human cell line HT-29 cells. Normal human 
astrocytes exhibited a fast uptake of T-2 toxin (within 
15 min) and could transform T-2 toxin to HT-2 toxin rap-
idly. Therefore, it is very possible that the strong cytotoxic 
effects of T-2 toxin on NHA are most likely facilitated by 
the high cellular accumulation and fast uptake of T-2 toxin. 

However, these cells are unable to completely eliminate the 
absorbed toxin. Notably, this formation from T-2 to HT-2 
toxin seems to occur within the cells since no degrada-
tion of T-2 toxin is visible when incubating T-2 toxin with 
cell-depleted culture medium. The glucuronic acid conju-
gate of T-2 toxin is not detectable in NHA but occurs in the 
media of HT-S9 cells. Therefore, the human cell line, but 
not human astrocytes, seems to possess the ability to form 
phase II conjugates.

Most new metabolites of T-2 toxin that have been identi-
fied recently are phase II metabolites. Actually, after more 
than 30  years of study, it is difficult to find new phase I 
T-2 toxin metabolites. However, a very recent study has 
reported some novel phase I metabolites of T-2 toxin (Yang 
et al. 2013). In this study, biological transformation of T-2 
toxin in the in vitro (liver S9 fraction and microsomes) 
and in vivo system of Wistar rats was analyzed. A total of 
19 metabolites were identified where 9 of them are novel. 
These 9 metabolites are the following: 15-deacetyl-T-2 (1), 
3′-OH-15-deacetyl-T-2 (2), 3′,7-dihyroxy-T-2 (3), isomer 
of 3′,7-dihyroxy-T-2 (4), 7-OH-HT-2 (5), isomer of 7-OH-
HT-2 (6), deepoxy-3′,7-dihyroxy-HT-2 (7), 9-OH-T-2 (8), 
and 3′,9-dihydroxy-T-2 (9) (Fig. 4). In the in vivo system, 
HT-2 toxin was the metabolite with the highest detection, 
followed by NEO. 15-acetyl-T-2 and 3′-OH-15-acetyl-T-2 
were first detected in rats in vivo, but they were undetect-
able in the in vitro systems. One novel metabolic path-
way of T-2 toxin, the hydroxylation at C-9 (9-OH-T-2 and 
3′,9-dihydroxy-T-2), was found for the first time in both the 
in vivo and the in vitro systems of rats. Another new meta-
bolic pathway, the hydroxylation at C-7 (3′,7-dihyroxy-T-2 

O

OH

O

O
O

OAc

OH

15

O

OAc

O

O
O

OAc

OH
1 2

5

3

4
6

7
8

119
10

12

13

1415

2'3' 1'

16

T-2 toxin 1

O

OH

O

O
O

OAc

OH

15

2

HO

O

OAc

O

O
O

OAc

OH

HO

OH

3 and 4

7

3'

3'

O

OAc

O

O
O

OH

OH

OH

5 and 6

O

OAc

O

O

OH

OH

OH

HO
7 7

3'

7

O

OAc

O

O
O

OAc

OH
OH

9

8

O

OAc

O

O
O

OAc

OH
OH

9

9

HO

3'

Fig. 4   Some novel metabolites of T-2 toxin in rats. (1): 15-deacetyl-T-2, (2): 3′-OH-15-deacetyl-T-2, (3): 3′,7-dihyroxy-T-2, (4): isomer of 
3′,7-dihyroxy-T-2, (5): 7-OH-HT-2, (6): isomer of 7-OH-HT-2, (7): deepoxy-3′,7-dihyroxy-HT-2, (8): 9-OH-T-2, and (9): 3′,9-dihydroxy-T-2



1317Arch Toxicol (2014) 88:1309–1326	

1 3

and 7-OH-HT-2), was detectable only in vivo. Moreover, in 
this study, the relative amount of 3′,7-dihydroxy-HT-2 toxin 
was higher than HT-2 toxin. Additionally, hydroxylation is 
the major metabolic pathway in vivo, whereas hydrolysis is 
the main metabolic fate of T-2 in the liver. However, some 
issues from this study still need to be elucidated. (1) Do 
these new metabolites and new metabolic pathways also 
exist in other species, such as pigs, chickens, and fish? (2) 
Why does there exist such a big difference of T-2 metabo-
lism between the in vivo and the in vitro system? (3) What 
are the potential toxic profiles of these new metabolites? (4) 
Although the authors have used HPLC–MS/MS with very 
high sensitivity and resolution to identify the new products, 
these products still need to be synthesized and confirmed 
by nuclear magnetic resonance (NMR).

In summary, the metabolic pathway of T-2 toxin seems 
to be highly similar in different land animals. However, 
the major metabolic pathways of T-2 toxin in aquatic spe-
cies seem to be fundamentally different from those of land 
animals. In many human cell lines, HT-2 and NEO are the 
main metabolites, but some other products, such as 3′-OH-
T-2, 4-deacetylneosolaniol, T-2-glucuronide, and HT-2-glu-
curonide, are also minor metabolites in human cells. The 
hydroxylation on C-7 and C-9 are two new metabolic path-
ways that have recently been found in rats. However, more 
studies are necessary to confirm these results.

Metabolizing enzymes

Currently, the study of T-2 metabolizing enzymes is tak-
ing two directions simultaneously: The first one consists of 
characterizing the involvement of metabolizing enzymes 
in the biotransformation of T-2 toxin in animals, whereas 
the second one consists of studying the toxic effect of T-2 
toxin on the metabolizing enzymes. Specific inhibitors of 
the metabolizing enzymes are used, and the aimed enzymes 
are recombined in order to generate a direct incubation 
with T-2 toxin and to monitor the potential products. There-
fore, we will summarize the findings on the metabolizing 
enzymes of T-2 toxin that were generated from these two 
directions.

In the 1980s, the study of the metabolism of T-2 toxin 
began to emerge and some researchers focused directly 
on the metabolic mechanism of T-2 toxin. However, sev-
eral reports on the metabolizing enzymes of T-2 toxin were 
published at that time (Yoshizawa et al. 1984; Johnsen et al. 
1986), and most studies still focused on the identification of 
new metabolites. Johnsen et al. (1986) have found out that 
T-2 toxin can be hydrolyzed rapidly to HT-2 toxin by rat 
liver microsomes. According to them, carboxylesterase (EC 
3.1.1.1) plays an important role in hydrolyzing T-2 toxin 
to HT-2 toxin. Carboxylesterase activity from liver micro-
somes is separated into at least five different isoenzymes, 

but in this study, only the isoenzyme of pI 5.4 was able to 
catalyze T-2 toxin to HT-2 toxin. In another study (Johnsen 
et al. 1988), the hydrolysis of T-2 to HT-2 toxin in human 
white blood cells and T-2 to NEO in human red blood cells 
was all identified as carboxylesterases. Thus, the authors 
have suggested that the carboxylesterases present in the 
blood cells are of the same identity as liver carboxylester-
ases pI 5.4. An in vitro formation of 3′-OH-T-2 and 3′-OH-
HT-2 from T-2 toxin by liver homogenates from mice and 
monkeys was observed (Yoshizawa et  al. 1984), the for-
mation of these hydroxyl products needs the presence of 
NADPH, implying that a cytochrome P-450 (CYP450) is 
catalyzing the hydroxylation at the C-3′ of T-2 and HT-2 
toxins.

After the above-mentioned studies, the research on the 
metabolizing enzymes of T-2 toxin has almost been forgot-
ten for nearly 30 years. Only recently, a variety of key T-2 
toxin CYP450 metabolizing enzymes are reported. Based 
on the earlier investigations, it is only known that T-2 toxin 
can be converted to HT-2 toxin by CYP450 enzymes. How-
ever, it is still unclear which CYP subfamilies play the 
major main role. Ge et al. (2010) have incubated T-2 toxin 
with pig hepatocytes and found out that it significantly 
induced CYP3A22 expression. Recombinant pig CYP3A22 
can convert T-2 and HT-2 toxin to 3′-OH-T-2 and 3′-OH-
HT-2 toxins, respectively. Moreover, these metabolites are 
detected after the treatment of CYP3A-specific inhibitor. 
Thus, CYP3A22 is considered to be a key enzyme in the 
metabolism of T-2 and HT-2 toxin by 3′-hydroxylation of 
the C-8 isolaveryl group. The main function of CYP3A22 
consists of facilitating the removal of T-2 or HT-2 toxin 
from the body by C-hydroxylation and excretion into the 
urine, without mediating the C-4 deacylation to T-2 toxin. 
Similarly, pig CYP3A29 can also convert T-2 and HT-2 
toxin to their C-3′ hydroxyl products (Wu et  al. 2011b). 
Moreover, CYP3A29 can also catalyze T-2 toxin to some 
amount of NEO. Thus, the cleavage of the C-8 ester group 
cannot be catalyzed only by carboxylesterase but also by 
CYP450 enzymes, at least by pig CYP3A29.

Wang et  al. (2011) have studied the biotransformation 
of T-2 toxin by pig CYP 3A46 as well as the hydrolytic 
ability of carboxylesterase 1C5 (CES1C5) and the deep-
oxy ability of epoxide hydrolase (EPHX1) in T-2 toxin-
treated primary hepatocytes from porcines. CYP3A46 is 
able to catalyze T-2 toxin to 3′-OH-T-2, which is further 
proved by purified CYP3A46 protein. However, recom-
binant porcine CES1C5 and EPHX1 have not enhanced 
hydrolysis and deepoxidation of T-2 toxin, which implies 
that CES1C5 and EPHX1 are not the dominant enzymes 
in the canalization of these reactions. The deepoxylation 
of T-2 toxin is a very important toxic-reducing pathway. 
Most studies demonstrate that the deepoxylation of T-2 
toxin happens in the intestine but not in the liver (Wu et al. 
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2010). Thus, we may suspect whether the deepoxylation of 
T-2 toxin is catalyzed only by the bacteria in the intestine 
while not by the metabolizing enzymes. If this assump-
tion is correct, the detailed mechanism still needs to be 
unraveled. It has also been suspected that CYP2C42 is the 
potential metabolizing enzyme of T-2 toxin in pigs (Wang 
et al. 2011).

T-2 toxin significantly induces CYP1A4 and CYP1A5 
activity in chicken embryonic hepatocytes. However, only 
CYP1A5 can metabolize T-2 toxin to 3′-OH-T-2. The in 
vitro recombinant CYP1A5 also confirms that CYP1A5 is 
able to convert T-2 toxin to 3′-OH-T-2 (Shang et al. 2013). 
In addition to CYP1A5, CYP3A37 plays an important role 
in the hydroxylation of T-2 toxin (Yuan et al. 2013), which 
implies that, similar to pigs, multiple CYP450 enzymes are 
involved in the metabolism of T-2 toxin in chickens. Wei-
dner et al. (2013a, b) have demonstrated that the metabo-
lism of T-2 toxin in human astrocytes takes place after 
its uptake into the cell interior and is not conducted by 
secreted enzymes outside the cells.

Thus, CYP3A22, CYP3A29, and CYP3A46 in pigs, 
as well as CYP1A5 and CYP3A37 in chickens are able 
to catalyze T-2 toxin and HT-2 toxin to form the C-3′-OH 
products. Similar to carboxylesterase, pig CYP3A29 has 
the ability to convert T-2 toxin to NEO through hydrolysis. 
The enzymatic mechanism of deepoxidation of T-2 toxin 
is not yet known and needs to be further investigated. It is 
postulated that other underlying CYP450 subfamilies exist, 
which are able to catalyze T-2 toxin metabolism in these 
animals. Furthermore, since some researchers have found 
out that the metabolism of T-2 toxin in carp showed several 
different metabolic profiles (Wu et al. 2011b), the metabo-
lizing enzymes of T-2 toxin in aquatic species have to be 
investigated in the future.

Effects on metabolizing enzymes

The metabolizing enzymes are crucial for maintaining 
body health. Some of these enzymes are biomarkers of the 
damages in vivo. For example, GST and GPx are impor-
tant antioxidant enzymes. A change in the levels of these 
enzymes is a very good indicator for the occurrence of oxi-
dative stress. The observation of the changes of the metabo-
lizing enzymes that have been induced by trichothecenes is 
also a fast method for screening typical key metabolizing 
enzymes. On the other hand, understanding the effects of 
T-2 toxin on enzymes in vivo is very important for estab-
lishing the prevention of the toxins. Moreover, it will help 
us to understand the pharmacokinetics and withdrawal time 
of drugs that are substrates of these metabolizing enzymes 
(Goossens et al. 2013).

Suneja et  al. (1984) have studied the effects of T-2 
toxin on intestinal brush border enzymes (sucrase, lactase, 

Na+-K+-ATPase, and alkaline phosphatase) and lysosomal 
enzymes in rats which received T-2 toxin orally. The activ-
ity of brush border sucrase, lactase, and Na+-K+-ATPase 
was significantly decreased, whereas the alkaline phos-
phatase activity was not significantly altered. T-2 toxin did 
not significantly alter the release of the lysosomal enzymes, 
phosphatase, and acid ribonuclease. In addition to the intes-
tine, T-2 toxin also induces changes in rat liver and serum 
enzymes (Suneja et al. 1987). At daily doses (0.75 mg/kg) 
and even with a single dose (2 mg/kg), T-2 toxin was able to 
significantly reduce activities of hepatic glutamate pyruvate 
transaminase (GPT) and alkaline and acid phosphatases. 
The levels of GPT increased, whereas the levels of acid and 
alkaline phosphatases decreased. This study indicates that 
the rat liver is damaged through the oral intake of feed that 
had been contaminated with T-2 toxin.

After 7  days of treatment of T-2 toxin to chickens, 
hepatic MDA concentration was highly increased (128 %). 
A significant consumption of endogenous antioxidant GSH 
as well as a marked increase in hepatic enzyme activities 
of GST (312  %), γ-glutamyltransferase (GGT) (187  %), 
and GPx (324  %) was induced. Interestingly, the addi-
tion of lycopene has led to a decline of some parameters. 
This finding suggests that, as an antioxidant agent, lyco-
pene would be able to protect the cellular level of GSH 
(Leal et  al. 1999). After having been fed with T-2 toxin 
(2.5 and 2.8 mg/kg body weight) for 24 h, the liver tissue 
enzymes, aspartate aminotransferase (ASAT), alanine ami-
notransferase (ALAT), and γ-glutamyl transferase (γ-GT) 
activities, highly increased in rats, whereas the protein level 
decreased importantly (Atroshi et al. 2000).

Pigs were offered diets that have been contaminated with 
540, 1324, or 2,102 μg T-2 toxin/kg feed for 28 days. P450 
1A-related activities (ethoxyresorufin O-deethylation and 
benzo-(a)-pyrene hydroxylation) were reduced for all pigs 
given T-2 toxin (Meissonnier et al. 2008). The exposure of 
T-2 toxin also led to a reduction of certain N-demethylase 
activities. The reduction of monooxygenase activities sug-
gests possible deleterious interactions between T-2 toxin 
and these enzymes. Similarly, after feeding New Zealand 
white rabbits with T-2 toxin (0.25 mg/kg/day) for 5 days, 
the expression of P450 1A subfamilies (1A1 and 1A2) 
was also decreased. Additionally, CYP 2A1 and 2B4 have 
also decreased (Guerre et al. 2000). However, this has not 
been the case of P450 2C3 and 3A6. In another study, the 
effects of T-2 toxin on hepatic and intestinal drug-metabo-
lizing enzymes (CYP450) in poultry were investigated by 
Osselaere et al. (2013). In their study, T-2 toxin downregu-
lated CYP3A37, CYP1A4, CYP1A5 mRNA expression in 
the liver; however, the gene expression of these enzymes 
was not changed in the intestine. Moreover, CYP3A enzy-
matic activity was upregulated in the liver and ileum after 
3 weeks of exposure to T-2 toxin at 752 μg/kg feed.
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Different to the above-mentioned studies, in human 
intestinal epithelial cell line Caco-2, T-2 toxin can highly 
upregulate the P450 1A1 mRNA expression and lead to 
MAPK/p38-dependent interleukin-8 secretion (Kruber 
et  al. 2011). After having been fed T-2 toxin (903 μg/kg/
feed) for 14  days, a substantial inhibition of the CYP3A 
activity has been observed in the livers of pigs. The differ-
ences concerning the investigated species and the doses of 
T-2 toxin are possible reasons that have been observed in 
the enzymatic activates.

Furthermore, some in vitro experiments have been 
carried out to study the effect of T-2 toxin on metabo-
lizing enzymes in hepatocytes. In pig hepatocytes, T-2 
toxin (0.05  μg/mL) could upregulate the mRNA lev-
els of CYP3A46, CYP3A39, CYP2C42, carboxylester-
ase CES1C4, and the microsomal EPHX1, but decreased 
CYP2D25 and CYP51 gene levels (Wang et  al. 2011). In 
pig hepatocytes, T-2 toxin (0.1 μg/mL) significantly upreg-
ulated CYP3A22 gene expression, whereas other CYP450 
genes (1A2, 2E1, 3A29, and 2C49) were weak or even 
undetectable (CYP2D25) (Ge et  al. 2010). With the same 
dose (0.1 μg/mL T-2 toxin), CYP1A4 and CYP1A5 were 
upregulated 132-fold and 47-fold, respectively, in chicken 
embryonic hepatocytes. Furthermore, an increased gene 

expression of other CYP450 enzymes, such as CYP2C18 
(5.3-fold), CYP2H1 (8.1-fold), CYP3A37 (5.7-fold), was 
also observed.

In summary, T-2 toxin down- or upregulates different 
CYP450 enzymes in different species. Differences among 
the analyzed species or between the administered doses of 
T-2 toxin may be the reasons for the differences among the 
regulated enzymatic profiles. Nevertheless, we can obtain 
the aimed enzymes from the information of the signifi-
cant up- or downregulations and facilitate the fast screen-
ing of key metabolizing enzymes. The enzymatic catalyz-
ing mechanism of the biotransformation of T-2 toxin and 
the effects of T-2 toxin on the enzymes are summarized in 
Fig. 5.

Deoxynivalenol (DON)

Metabolic pathways

The C12,13-deepoxy product DOM-1 is a well-known 
metabolite of DON in different species (rodents, pigs, 
chicken, and ruminants). Since the deepoxy metabolism 
of DON has already been thoroughly reviewed (Wu et al. 
2010), this pathway will not be discussed here. Recently, 

Fig. 5   Enzymatic catalyzing mechanism of T-2 toxin in animals
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more conjugated metabolites of DON have been identi-
fied in animals and humans. The phase II metabolites have 
been considered to be the biomarkers of DON detection in 
humans.

Since DON is rapidly metabolized to its glucuronide 
metabolites, free DON combined with DON-glucuronide 
(DON-GlcA) is proposed as a suitable biomarker for the 
effective assessment of DON exposure in humans. Meky 
et al. (2003) have investigated the metabolism of DON in 
rats as a basis to establish a methodology for a candidate 
biomarker of human exposure to DON. In total, 37  % of 
the administered DON was excreted via urine and DON-
GlcA was proposed as the major urinary metabolite. Based 
on the methods established in rat urine, they have demon-
strated that the inhabitants in Linxian, China, an area with 
a potentially high DON exposure, are converting DON to 
DON-GlcA and excrete it through urine. However, it is 
never elucidated so far, which site of the DON structure 
is conjugated with the glucuronide. A first exposure bio-
marker survey for DON was established in a French popu-
lation (Turner et al. 2010). The deepoxy metabolite DOM-1 
was observed in the urine from 21/26 farm workers. In 
addition, human fecal microbiota could metabolize DON to 
DOM-1, which were detected in the urine from the same 
volunteers (Gratz et al. 2013). Interestingly, the formation 
of DON metabolites in humans is region-dependent: while 
DOM-1 is not detectable in British adults, DON-GlcA 
seems to be the major product of the inhabitants of the UK 
(Turner et  al. 2011). In Austrian adults, DON-15-GlcA is 
identified as the major DON metabolite in urine and the 
ratio of DON-15-GlcA/DON-3-GlcA has been 3/1 (Warth 
et al. 2012).

In the previous studies, β-glucuronidase was usually uti-
lized to hydrolyze the conjugated DON. Therefore, it is not 
possible so far to determine the exact ratio of DON/DON-
GlcA in a sample in a one-step procedure. Thus, the stand-
ard of DON-GlcA was synthesized by Warth et al. (2012) 
and applied to the direct quantification of DON-GlcA in 
human urine as a biomarker of exposure of DON. The con-
centration of DON-3-GlcA was >30 μg/L, whereas DON 
was undetectable in the urine. This observation indicates 
that DON is quickly converted to the glucuronide-conju-
gated product in humans in order to reduce the toxicity, 
since DON-GlcA is proven to be less toxic than DON (Wu 
et al. 2007).

An in vivo study has provided detailed information on 
DON metabolism in humans over a period of 8 days (Warth 
et al. 2013). The average DON excretion and glucuronida-
tion amounted to 68 and 76 %, respectively. In addition to 
DON-3-GlcA, another conjugated product, DON-15-GlcA 
has also been firstly identified as the main conjugated prod-
uct. Meanwhile, DON-7-GlcA was assumed to be a new 
conjugate (Maul et al. 2012).

When DON or DOM-I was incubated with uridine 
5′-diphospho-glucuronic acid (UDPGA) and liver micro-
somes from rats or pigs, no glucuronides were detectable 
with the TLC plates. Moreover, no glucuronide conjugates 
were observed in rat and pig urine (Cote et al. 1987). Thus, 
the liver was considered not to catalyze the metabolism of 
DON. However, a very recent study has provided a new 
insight: The liver is able to metabolize DON (Maul et  al. 
2012). The metabolism of DON was investigated using 
liver microsomes from humans, rats, bovines, porcine, 
chicken, carp, and trouts (Maul et al. 2012). DON-3-GlcA 
was detectable in human and animal liver microsomes. The 
3-conjugation ability is as follows: bovine > rat > carp > tr
out > human. Only human liver microsomes could catalyze 
DON to DON-15-GlcA. A third conjugate product detected 
in rat, carp, and human liver was assumed to be DON-7-
GlcA. DON-3-GlcA and DON-15-GlcA were also identi-
fied in rat and human microsomes in another study (Uhlig 
et al. 2013). Additionally, another conjugated product was 
identified as DON-8-GlcA. In the earlier studies, the sen-
sitivity of the methods and equipments limited the detec-
tion of new metabolites. In the study of Cote et al. (1987), 
TCL and HPLC are the major analytical equipments for 
the identification of metabolites, whereas in the studies of 
Maul et  al. (2012) and Uhlig et  al. (2013), LC–MS/MS 
with high sensitivity and resolution are applied. This is pos-
sibly the potential reason why Cote et al. (1987) have not 
detected any conjugates.

The study of the metabolism of DON has been per-
formed very rarely in chicken. Very recently, Wan et  al. 
(2014) have studied the in vivo metabolism of [3H]-DON in 
chicken and rats. Metabolites were characterized by com-
paring their LC-γ.ARC retention times and mass spectra to 
authentic synthetic standards. Five metabolites were iden-
tified: DON-10-sulfonate, DON-3-GlcA, DON-3-sulfate, 
DOM-1, and DOM-1-10-sulfonate. DON-10-sulfonate and 
DOM-1-10-sulfonate were only detectable in rats, whereas 
DON-3-sulfate was merely formed in chickens. Besides 
in chicken, DON-3-sulfate was already reported in sheep 
urine (Prelusky et al. 1987). DON-sulfonate is prepared in 
vitro to assess the potential physicochemical characteristics 
in intestines. Schwartz et  al. (2013) prepared three differ-
ent DON-sulfonates termed DON-sulfonate 1, 2, and 3. 
DON-sulfonate 1 and 2 are stable in a pH ranging 2–8 at 
37  °C, which suggests that the two compounds are stable 
during digestion and in plasma of pigs. DON-sulfonate 3 is 
likely to survive in the acidic environment of the stomach, 
but might partly degrade to DON-sulfonate 1 and 2 in the 
neutral to slightly alkaline ambience of small intestine and 
plasma.

Sulfonate conjugation of DON is also a toxic-reduc-
ing pathway in animals. DON-sulfonate lacks the emetic 
activity characteristic for DON when given to pigs (Young 
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et al. 1987). DON-sulfonate shows no toxic effect on the 
viability of porcine peripheral blood mononuclear cells 
(PBMC) and the intestinal porcine epithelial cell lines 
IPEC-1 and IPEC-J2 (Dänicke et  al. 2010). Similarly, 
DON–sulfate conjugate is a detoxification pathway (Wan 
et al. 2014).

In summary, free DON and DON-GlcA are considered 
to be the biomarker for humans who have been exposed to 
DON. Liver and intestine are both able to metabolize DON. 
Conjugation of DON to glucuronic acid and elimination via 
the urine is the major metabolic pathway. Other conjugated 
metabolites, i.e., DON-sulfate, DON-sulfonate, DON-8-
GlcA, and DOM-1-sulfonate, are also identified; however, 
some metabolites, including DON-7-GlcA, are just tenta-
tively identified and still need to be confirmed in the future 
study. All these conjugates are considered to be impor-
tant toxic-reducing pathways. The metabolism of DON in 
humans is region-dependent, and more epidemiological 
study of DON, especially in Asian and American countries, 
has to be carried out.

Metabolic fate of masked mycotoxin DON

During the last decades, the so-called masked mycotox-
ins, plant metabolites of the parent mycotoxins, have 
caused increasing concern. Besides DON and DON-3-
β-d-glucoside (DON-3-Glc), other conjugates, such as 
DON-glutathione (GSH), DON-S-cysteine, and DON-S-
cysteinyl-glycine, have been detected in plants (Kluger 
et  al. 2013). These masked mycotoxins have a very dif-
ferent chemical behavior; thus, they are often not detected 
during routine analyses. Moreover, these forms could be 
hydrolyzed to their precursors in the digestive tracts of ani-
mals or exert toxic effects comparable to those imputable 
to free mycotoxins. Therefore, understanding the metabolic 
fate of the masked DON in animals is of the most impor-
tance for animal health and food safety.

In order to mimic the different stages of the digestion 
of DON in humans and animals, in vitro model systems 
were used to investigate the stability of the masked toxin 
DON-3-Glc to acidic conditions, hydrolytic enzymes, and 
to intestinal bacteria (Berthiller et  al. 2011). DON-3-Glc 
is not able to be degraded in the acidic conditions as well 
as by digestive enzymes in vitro, implying that DON-3-
Glc cannot be hydrolyzed into DON in the stomach and 
the small intestine of mammals. However, several lactic 
acid bacteria including Enterococcus durans, Enterococcus 
mundtii, and Lactobacillus plantarum show a high capabil-
ity to hydrolyze DON-3-Glc. Warth et  al. (2013) studied 
the in vivo metabolism of 3-actyl-DON and DON-3-Glc 
in humans. After the administration of a low dose of these 
masked mycotoxins (DON-3-Glc: 7 μg/day, 3-actyl-DON: 
20 μg/day) to an individual for 8 days, these masked forms 

of DON were not detected in urine, indicting that they were 
hydrolyzed to free DON in the body.

Hydrolysis of DON-3-Glc is a common feature of 
human fecal microbiota. The fecal microbiota from human 
could release DON from DON-3-Glc very rapidly and effi-
ciently (Gratz et  al. 2013). The rapid degradation of the 
masked mycotoxin suggests that the human micriobiota 
can completely hydrolyze DON-3-Glc within normal resi-
dence time in the human colon. The human colonic epithe-
lium will be exposed to significant levels of free DON.

In rats, DON-3-Glc has a low bioavailability and is 
hydrolyzed to DON during digestion. Then, it is partially 
converted to DOM-1 and DON-GlcA prior to excretion. 
After the administration of DON-3-Glc (3.1 mg/kg BW) for 
15 days, rat urine and feces were collected for 48 h. Only 
3.7 ±  0.7 % of the given dose was found in the urine as 
DON-3-Glc. In feces, the majority of administered DON-3-
Glc was recovered as DON and DOM-1 (Nagl et al. 2012). 
Therefore, DON-3-Glc present in food and feed seems to 
have significantly lower toxicity than DON.

In summary, DON-3-Glc can be hydrolyzed to free DON 
in animals’ body. The exposure of human to masked myco-
toxins should be taken into account in risk assessment, 
since their toxic precursors can be released after hydroly-
sis in animals and present an additional potential risk. The 
conjugated metabolism of DON in different species and its 
effect on the metabolizing enzymes is presented in Fig. 6.

Metabolizing enzymes

Few reports exist on the metabolizing enzymes of DON. 
To date, it is still unclear which enzymes are catalyzing the 
C12,13-deepoxy pathway. Because no phase I metabolism 
of DON has been detected in the liver (Cote et  al. 1987; 
Maul et al. 2012), CYP450 enzymes are not involved in the 
metabolism of DON, albeit a bacterial CYP450 isolated 
from lake water has been able to catalyze DON to 16-OH-
DON (Ito et  al. 2013). The precise enzymatic mechanism 
of sulfonation is not yet clear. One possibility is the genera-
tion from the DON-GSH adducts, another metabolic path-
way may result from the cooperation of the liver or intesti-
nal cells with the microorganism (Wan et al. 2014).

In vertebrates, the glucuronidation of small lipophilic 
agents is catalyzed by the endoplasmic reticulum UDP-glu-
curonosyltransferases (UGTs). The β-d-glucuronides can 
be formed through hydroxyl, carboxyl, sulfuryl, carbonyl, 
and amino linkages (Tukey and Strassburg 2000). As men-
tioned above, DON-GlcA is found mostly in liver (micro-
somes) and urine. Glucuronide conjugation of DON was 
found in pig serum samples after oral exposure (Goyarts 
and Dänicke 2006), but not after intravenous application, 
implying that DON is very possibly conjugated in the intes-
tine before absorption. Besides in liver, UGTs are also 
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widespread in intestine, kidney, and other tissues (Tukey 
and Strassburg 2000). When rats were fed with DON, the 
UGT levels were twice higher in the liver (Obol’skiı̆ et al. 
1998). Thus, it is highly possible that UGTs play an impor-
tant role in the formation of DON-GlcA, but the exact sub-
family of the UGTs has yet to be elucidated.

Effects on metabolizing enzymes

There exist only very few data on the effect of DON on the 
metabolizing enzymes. When rats were treated with DON 
for 90  days, the activities of CYP450 enzymes and GST 
remained unchanged (Morrissey and Norred 1985). Gouze 
et al. (2006) have studied the effect of the low dose of DON 
(0.014–1.774  mg/kg BW) on liver xenobiotic metaboliz-
ing enzymes in mice. After an exposure of 28  days, the 
activities of two liver microsomal mixed-function oxidase 
ethoxyresorufin O-deethylase (EROD) and methoxyre-
sorufin O-demethylase (MROD) were unaffected, whereas 
pentoxyresorufin O-depentylase (PROD) activity was 
increased (by 38–53  %). Protein level of CYP2B, GSTα 
and GSTπ was increased, whereas CYP1A protein level 

was unchanged. Additionally, DON is considered to be a 
putative substrate for GST. Rats were fed with a diet sup-
plemented with DON (3,500  ±  5  % μg/kg) for 28  days. 
The activity of GST was not affected by DON. Although 
the activities of alanine transaminase (ALT) and aspar-
tate transaminase (AST) were relatively increased, the 
AST/ALT, known as the index of liver damage, was normal 
(Sobrova et al. 2012). More research on the toxic effects of 
DON on the metabolizing enzymes will be necessary in the 
future.

Conclusion

Oxidative stress is an important underlying toxic mecha-
nism of trichothecenes. Trichothecenes generate ROS that 
induce lipid peroxidation which in turn leads to changes in 
membrane integrity, cellular redox signaling and the anti-
oxidant status of the cells. DNA damage correlates with 
but precedes the generation of ROS and lipid peroxidaion. 
The MAPK signaling pathway is possibly induced after the 
occurrence of oxidative stress through the caspase pathway 

Fig. 6   Proposed phase II biotransformation of DON in animals and humans
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to induce cell apoptosis. The caspase-independent AIF 
pathway is also involved in T-2 toxin-induced apoptosis. 
The mitochondrial dysfunction by T-2 toxin is largely asso-
ciated with oxidative stress.

However, it is demonstrated that the oxidative dam-
age is not the major contributor to trichothecene toxicity, 
especially in the studies of DON. The different results are 
possibly due to the different doses of toxin that have been 
used in the different studies. But it should be investigated 
whether some other reasons are involved in the different 
results. Furthermore, the relationship between oxidative 
stress and several important signaling pathways is still 
unclear, although some studies have shown that MAPK is 
induced by the oxidative stress in response to T-2 toxin, but 
very few studies on the link between oxidative stress and 
MAPK or Janus kinase/signal transducers and activators of 
transcription (JAK/STAT) singling pathways have become 
available. Therefore, more work on the oxidative stress 
induced by trichothecenes is necessary.

As for the metabolism of T-2 toxin in animals and 
humans, hydroxylation on C-7 and C-9 are identified as 
two novel metabolic pathways in rats. HT-2 toxin is the 
major metabolite of T-2 toxin in animals and humans. The 
toxicity of T-2 toxin for animals is possibly caused by the 
combination of T-2 and HT-2 toxins. In addition, some new 
conjugates including HT-2-4-glucuronide are also identi-
fied. Metabolism of T-2 toxin in aquatic species is possibly 
not similar to that of land animals, but more work is needed 
to confirm this assumption.

In comparison with T-2 toxin, relatively few metabolites 
of DON are identified so far. Contrary to the structure of 
T-2 toxin, there is almost no subsidence in the structure 
of DON, which may be the one explanation for the lim-
ited detection of metabolites. DON-GlcA is proposed as a 
suitable biomarker for an effective assessment of the expo-
sure to DON by humans. Furthermore, DON-15-GlcA is 
the major conjugated product in humans. DON-sulfate, 
DON-sulfonate, DON-8-GlcA, and DOM-1-sulfonate are 
also identified as metabolites. Masked mycotoxins could 
be hydrolyzed to their precursors in animals and exert 
toxic effects. Nevertheless, some problems still exist in the 
metabolism of DON: DON-7-GlcA, a potential metabolite, 
has just been tentatively identified and still needs to be con-
firmed in future studies. The formation of DON metabolites 
in humans is region-dependent. Therefore, more epidemio-
logical studies of DON have to be carried out in the future.

The investigation of the metabolizing enzyme of tri-
chothecenes is crucial for elucidating the mechanism of the 
biotransformation of these toxins. Currently, we already 
know that CYP3A22, CYP3A29, and CYP3A46 in pigs, 
as well as CYP1A5 and CYP3A37, in chicken are able to 
catalyze T-2 and HT-2 toxins to form the C-3′-OH products. 
Similarly, together with carboxylesterase, pig CYP3A29 

also possesses the ability to hydrolyze and to convert T-2 
toxin to NEO. More CYP450 enzymes seem to be involved 
in the biotransformation of T-2 toxin. Therefore, more stud-
ies need to be carried out in the future, especially to find the 
potential important metabolizing enzymes of trichothecenes 
in the food-producing animals. Several reports have shown 
that important differences exist between the individual spe-
cies concerning the metabolism of T-2 toxin, but the under-
lying mechanism that is responsible for these differences 
is not yet clear. It is highly possible that some important 
metabolizing enzymes are different among individual ani-
mals and lead to the different metabolic profiles of T-2 toxin 
in different species. However, almost no data are available 
to support this assumption. Therefore, the elucidation of the 
potential metabolic mechanism of trichothecens, together 
with the differences among the individual species, is an 
important point that has to be worked on in the future.

Contrary to T-2 toxin, CYP450 enzymes are not 
involved in the metabolism of DON. The enzymatic cata-
lyzing mechanism of the C12,13-deepoxydation of DON 
has not yet been found. It seems that this process occurs 
in the intestines and is carried out by bacteria. UGTs are 
involved in the formation of DON-GlcA, but which sub-
family of UGTs is exactly involved in this process should 
be elucidated. Similar to T-2 toxin, the metabolism of 
DON in different species has to be observed, but the pre-
cise mechanism which is responsible for these differences 
should also be elucidated. The metabolizing enzymes may 
be the key player in this process.
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