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ABSTRACT: In the present study, metabolites of T-2 toxin in in vivo and in vitro systems of Wistar rats were identified and
elucidated by ultraperformance liquid chromatography—quadrupole/time-of-flight tandem mass spectrometry (UPLC-Q/TOF-
MS). Expected and unexpected metabolites were detected by Metabolynx™® software, which could automatically compare MS®
data from the sample and control. A total of 19 metabolites of T-2 toxin were identified in this research, 9 of them being novel,
which were 15-deacetyl-T-2, 3’-OH-15-deacetyl-T-2, 3/,7-dihydroxy-T-2, isomer of 3’,7-dihydroxy-T-2, 7-OH-HT-2, isomer of 7-
OH-HT-2, de-epoxy-3’',7-dihydroxy-HT-2, 9-OH-T-2, and 3’,9-dihydroxy-T-2. The results showed that the main metabolic
pathways of T-2 toxin were hydrolysis, hydroxylation, and de-epoxidation. In addition, the results also revealed one novel
metabolic pathway of T-2 toxin, hydroxylation at C-9 position, which was demonstrated by the metabolites 9-OH-T-2 and 3',9-
dihydroxy-T-2. In addition, hydroxylation at C-9 of T-2 toxin was also generated in in vitro of liver systems. Interestingly, several
metabolites of hydroxylation at C-7 of T-2 toxin were also detected in in vivo male Wistar rats, but they were not found in in vivo
female rats and in in vitro systems of Wistar rats.
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B INTRODUCTION C-4 position to form HT-2 toxin, which was then metabolized
to T-2 tetraol via 4-deacetylneosolaniol.”” After oral admin-
istration of tritium-labeled T-2 toxin to a lactating cow, T-2 was
rapidly metabolized in cow tissues and excreta, primarily
yielding three major unknown metabolites, referred to as TC-1,
TC-3, and TC-62® On the basis of GC-MS and nuclear
magnetic resonance (NMR) spectroscopy, they were identified
3'-hydroxy T-2, 3’-hydroxy HT-2, and 3',7-dihydroxy HT-2,
respectively, by later research.”**> Additionally, numerous de-
epoxy metabolites such as de-epoxy-3'-hydroxy-HT-2 toxin, de-
epoxy-3'-hydroxy-T-2 triol, de-epoxy-15-acetyl-T-2 tetraol, and
de-epoxy T-2 tetraol were also identified in in vivo rat and cow
excreta.’®”” In addition, de-epoxy metabolites were also
identified in in vitro systems of T-2 toxin incubated with
rumen microorganisms.28 In addition, phase II reaction,
glucuronide conjugation of T-2 toxin and its metabolites, was
also determined in in vitro and in vivo metabolism studies.
Furthermore, the glucuronide conjugates accounted for
approximately 70% of the total metabolite residues in in vivo

T-2 toxin, produced mainly by various Fusarium molds,
attracted much attention from the whole world because it
had the highest toxicity among the trichothecenes."” T-2 toxin
could induce a wide range of toxic effects on both farm animals
and humans because of its strong cytotox1c1ty, * immunotox-
icity,”® and reproductive toxicity.” > Besides, it could cause
rapid inhibition of DNA and protein synthesis.'® The toxicity of
T-2 toxin was partly attributed to its metabolites, because T-2
toxin was rapidly metabolized to various products after
ingestion by organisms."'" In addition, T-2 toxin posed a
potential threat to humans and animals,'>'® because it had been
acknowledged as a natural contaminant in cereals such as
wheat, barley, oats, maize, and animal feeds."* Over the years,
there were numerous reports from different regions around the
world describing the association of T-2 toxin with damage to
agriculture and animal health."”>™"”

To have a scientific understanding on the transformation of
T-2 toxin in animals and humans, the metabolism of T-2 toxin

had been studied in different in vivo and in vitro experiments. swine.”” On the analysis of these earlier metabolic studies in in
In an earlier study, after incubation of T-2 toxin with hepatic vitro and in vivo different animals, such as T-2 toxin incubation
microsomes of humans, rats, and chickens, it was selectively with liver microsomes, primary Eepzatocytes, and intestinal
hydrolyzed at C-4, giving rise to HT-2 toxin as the only microflora systems of animals,**™>> the main metabolic
metabolite.'®'® Subsequently, other hydrolytic metabolites of pathways of T-2 toxin were easily conducted, followed by
T-2 toxin such as neosolaniol (NEO), 4-deacetylneosolaniol, T-
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hydrolysis (hydrolyzed at C-4, C-8, and C-15 positions),
hydroxylation (hydroxylated at C-7, C-3/, and C-4’ positions),
de-epoxidation, acetylation, and conjugation to polar moieties.
Generally, T-2 toxin could be rapidly metabolized to less toxic
products after ingestion by animals."' However, from the rat
skin toxicity bioassay with 4'-hydroxy-T-2, detected in rats,
mice, and chickens in vitro, this new metabolite was found to
be nearly equally toxic in dermal toxicity to T-2 toxin."""

Owing to the drawback of GC-MS, some metabolites of T-2
toxin, identified mainly by GC-MS in the past, maybe could not
be detected."'"*°"** In the past decades, liquid chromatog-
raphy—mass spectrometry (LC-MS) has evolved into the most
suitable and effective tool for the analysis of metabolites, with
its high speed, enhanced resolution, and greater sensitivity and
specificity.>® In this research, a sensitive UPLC-Q/TOF-MS
method was applied for the structural elucidation of T-2 toxin
metabolites in in vivo rats after oral administration of a single
dose (3 mg/kg) of T-2 toxin. In addition, metabolites of T-2
toxin produced by liver microsomes and liver S9 fraction of
male rats were also identified. The combination of the accurate
mass measurements provided qualitative information from
TOF date with automatic identification function of software
Meabolynx™®S.** A total of 19 metabolites of T-2 toxin were
identified in in vivo and in vitro systems of Wistar rats, 9 of
them being novel. This work contributed to the comprehensive
understanding of the metabolism of T-2 toxin in vivo and will
provide an important basis for further study of its toxicological
safety evaluation and marker residue finding.

B MATERIALS AND METHODS

Chemicals. T-2 toxin (99%), HT-2 toxin (99%), and NEO toxin
(99%) were purchased from Fermentek Ltd. (Jerusalem, Israel). f-
Nicotinamide adenine dinucleotide phosphates (NADPH) was
acquired from Roche Chemical Co. (Beijing, China). Ethyl acetate
(analytical grade) was obtained from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). Acetonitrile (HPLC grade) was purchased
from Fisher Chemical Co. (Fair Lawn, NJ, USA). Ammonia (28%)
was purchased from Alfa-Aesar (Ward Hill, MA, USA). Water was
purified using a Milli-Q system (Millipore, MA, USA). Cellulose
sodium carboxymethyl (CMC-Na) was obtained from Guoyao
Chemical Co. (Shanghai, China). All other chemicals and reagents
were of the highest analytical grade available.

Animals. Male and female Wistar rats (weight = 200—250 g, 12
male and 12 female) were purchased from Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China). The animals,
acclimatized for 1 week in an animal room with standardized
temperature (25—28 °C), humidity (50—60%), and 12 h light/dark
cycle conditions before the experiment, were fed a standard diet and
given water ad libitum. After a 12 h fasting and free access to water,
animals were administered a single dose of T-2 toxin (3 mg/kg, adding
0.5% CMC-Na) by oral gavage. Control rats (three male and three
female) were administered a similar volume of 0.5% CMC-Na
solution. All care and handing of animals were performed with the
approval of Institutional Authority for Laboratory Animal Care.

Preparation of Liver S9 Fraction and Hepatic Microsomes.
After 12 h of fasting and free access to water, animals (three male and
three female) were exsanguinated. Hepatic microsomes were prepared
according to a procedure reported in previous studies.** The livers
were rapidly removed and washed several times with ice-cold 0.1 mol/
L PBS (pH 7.4) and 0.05 mol/L Tris-HCI buffer (pH 7.4) to wash
away residual blood, gently blotted, and weighed. The pooled livers
were minced and immediately homogenized with 3 volumes of ice-
cold 0.0S mol/L Tris-HCl buffer (pH 7.4) containing 1 mmol/L
EDTA and 0.25 M sucrose using a glass homogenizer. The liver S9
fraction was obtained by centrifuging the homogenate at 10000g for 20
min at 4 °C, and then the supernatant was collected and centrifuged at
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100000g for 60 min at 4 °C. The microsomal pellets and the liver S9
fraction were suspended in 0.0S mol/L Tris-HCl buffer, and the
protein content of the microsomes was estimated according to the
method of Lowry et al. using crystalline bovine serum albumin as a
standard.*®

Preparation of Samples of in Vivo and in Vitro Systems. The
urine and feces samples were collected from 0 to 24 h after oral
administration. All of the samples were frozen at —20 °C before
analysis. T-2 toxin and its metabolites from all samples were extracted
by ethyl acetate. Twenty milliliters of ethyl acetate was added to 2 mL
of urine or 2 g of feces. The mixture was vortexed for S min and
centrifuged at 9000g at 4 °C for 10 min. The organic layer was
transferred into a new polypropylene tube and evaporated to dryness
with a gentle flow of nitrogen at 45 °C. The residue was redissolved in
0.5 mL of acetonitrile/water (15:85, v/v), and the resulting solution
was centrifuged at 12000g at 4 °C for 15 min. Finally, the supernatant
was filtered through a 0.22 ym microbore cellulose membrane into an
autosampler vial and analyzed by UPLC-Q/TOF-MS for identification
of metabolites.

The incubation mixture (total volume = 500 yL) consisting of 2 mg
protein/mL of liver S9 fraction or liver microsomes (the volume was
447.5 uL) and 2 mmol/L NADPH-generating system (the volume was
50 uL) was preincubated for 5 min at 37 °C. The reaction was initiated
thereafter by the addition of 2.5 uL of T-2 toxin (10 mmol/L).
Incubation mixtures without T-2 toxin and a NADPH-generating
system served as controls. After 2 h of incubation at 37 °C in a
metabolic shaker, the reaction was terminated by adding 500 uL of ice-
cold ethyl acetate. After volution and centrifugation at 12000 rpm at 4
°C for 15 min, the supernatant was filtered through a 0.22 um
microbore cellulose membrane into an autosampler vial and analyzed
by UPLC-Q/TOE-MS for identification of metabolites.

Instrumental Conditions. Identification of T-2 toxin metabolites
was conducted by using an ACQUITY UPLC system (Waters Co.,
Milford, MA, USA) coupled with a hybrid Q-TOF-MS SYNAPT
HDMS (Waters, Manchester, UK). Chromatographic separation of
metabolites of T-2 toxin was performed on the ACQUITY
ultraperformance liquid chromatography system with ambient temper-
ature, using an Acquity BEH RP18 column (50 mm X 2.1 mm id., 1.7
um particle size) (Waters, Milford, MA, USA). The mobile phase
consisting of water with 0.005 mmol/L ammonia (solvent A) and
acetonitrile (solvent B) was pumped at a flow rate of 0.3 mL/min. The
gradient elution program was as follows: 0—1.0 min, 2—5% B; 1.0—7.0
min, 5—60% B; 7.0—10.0 min, 60—100% B; 10.0~11.0 min, 100% B;
11.0-12.5 min, 100—2% B; 12.5-13.0 min, equilibration of the
column. The volume of sample injected was 10 uL.

The UPLC system was coupled to a hybrid electrospray ionization
quadrupole time-of-flight mass spectrometer (SYNAPT High-
Definition Mass Spectrometry system; Waters, Milford, MA, USA).
Typical source conditions for maximum intensity of precursor ions
were as follows: capillary voltage, 3.0 kV; source temperature, 120 °C;
desolvation temperature, 300 °C; cone gas (N,) flow rate, 20 L/h;
desolvation gas (N,) flow rate, 700 L/h. The argon pressure in the
collision cell was 3.5 X 10~ mbar. For parent toxin and metabolites,
ESI source was operated in the positive ionization mode. Data were
acquired from 100 to 700 Da and centroided during acquisition using
an internal reference comprising a 1 ng/uL solution of leucine
enkephalin infused at 50 yL/min, generating a reference ion in ESI
positive ionization mode at m/z 556.2771. Low-energy data were
acquired at the collision energy of 5 eV and high-energy data using the
ramped collision energy of 10—30 eV.

Data Processing. Data processing was carried out using
Metabolynx®® software (version 4.1), which can automatically identify
metabolites by comparing the sample with the control. The parameters
were adjusted as shown in Table 1.

B RESULTS AND DISCUSSION

Mass Spectrometric Analysis of T-2 Toxin. Initially, it
was critical to figure out the fragmentation pathways of T-2
toxin, because its metabolites had the corresponding
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Table 1. Presetting Parameters of Metabolynx*® Software

parameter setting

MS trace condition retention time range

expected metabolite chromatograms ~ mass value of parent compound

unexpected metabolite full acquisition range (100—700 Da)

chromatograms
smooth mode Savitzky—Golay (1 X 1)
10

combined mode

absolute area
spectrum condition
minimum peak separation (0.05 Da)
intensity threshold (10%)

isotope entries (mass window 5.0 Da)
mass window (0.05 Da)

retention time (0.1 min)

+50 mDa

false-positive condition

mass defect fliter (MDF)

fragmentation pathways to T-2 toxin in MS/MS spectra ([M +
NH,]*). T-2 toxin was eluted at a retention time of 6.29 min,
and Table 2 lists elemental compositions, observed and

Table 2. Elemental Composition, Measured and Exact
Masses, Double-Bond Equivalents (DBE), and
Corresponding Mass Errors of T-2 Toxin with NH," and Its
Fragment Ions

mass corresponding
elemental measured accurate error mass error
composition  mass (Da) mass (Da) DBE (mDa) (ppm)
C,,H;gNO,* 484.2577 484.2547 6.5 3.0 6.2
C,,H;304" 449.2184 4492175 8.5 0.9 2.0
C,,H;,0," 407.2052 407.2070 7.5 -1.8 —4.4
CoH,s0," 365.1584 365.1600 7.5 -1.6 —4.4
C,;H,,04" 305.1371 305.1389 7.5 -1.8 -5.9
C,¢H,00," 2751274 2751283 7.5 -0.9 -3.4
CsH,,05" 2451162 2451178 7.5  —16 —-65
CHs0," 215.1049 215.1072 7.5 -23 —-10.7
CH;;0" 197.0948 197.0966 8.5 -1.8 -9.1
C3H,;;0" 185.0943 185.0966 7.5 -23 —124
CHys" 169.1001 169.1017 7.5 -1.6 -9.5

calculated masses, and mass errors of T-2 toxin with NH,*
and its fragment ions. The differences between the measured
and calculated masses with relatively good accuracy ranged
from —2.3 to 3.0 mDa (—12.4 to 6.2 ppm), and accurate mass
ensured high confidence for the structures of product ions. The
MS/MS spectrum of T-2 toxin is shown in Figure 1. T-2 toxin
with NH," at m/z 484 lost an NH;-H,O to form m/z 449 and
further form m/z 409 by losing C,H,0; or T-2 toxin lost
CH},0, and NH; to form m/z 365 and then generated the
main fragment ion at m/z 305 by losing C,H,O,. The fragment
at m/z 305 generated m/z 245 or 275 with the absence CH,O
or C,H,O,, respectively, and at last form another main
fragment ion at m/z 215. The fragment at m/z 215 lost
successively H,O or CH,O to form m/z 197 or 185,
respectively. Subsequently, the fragment at m/z 169 was
generated by the loss of O radical from the fragment at m/z
185. According to the results above, the fragmentation
pathways of T-2 toxin are as proposed in Figure 2.
Identification of T-2 Toxin Metabolites. Metabolynx*®
software automatically compared MS® LC-MS data of the
sample and control by presetting the parameters. The proposed
metabolites were listed by the software and were analyzed using
the MS/MS mode for the further confirmation.>* As shown in
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Figure 1. Accurate MS/MS spectra of T-2 toxin.

the Table 2, there were totally 19 metabolites of T-2 toxin
discovered in vivo and in vitro. Metabolites T1, T2, T4, TS, T6,
T7, T9, T10, T1S, and T16 had been reported in previous
studies, which were consistent with the earlier metabolic
reports on T-2 toxin, "' "'* whereas the other metabolites were
first discovered in this research, such as 15-deacetyl-T-2, 3'-
OH-15-deacetyl-T-2, 3',7-dihydroxy-T-2, isomer of 3’,7-dihy-
droxy-T-2, 7-OH-HT-2, isomer of 7-OH-HT-2, de-epoxy-3',7-
dihydroxy-HT-2, 9-OH-T-2, and 3',9-dihydroxy-T-2 (Table 3).
The extracted mass chromatograms (EIC) and the mass spectra
of all the metabolites of T-2 toxin detected are shown in
Figures 3 and 4, respectively.

Metabolites T1 and T3. Metabolites T1 and T3 were
eluted at 5.43 and 4.70 min, respectively, and showed the same
[M + NH,]" ions at m/z 4422425 with the elemental
composition of C,,H3NOg, which was 42 Da less than T-2
toxin with NH," at m/z 484, suggesting that they were
metabolites of T-2 toxin without acetyl groups. The difference
between T1 and T3 lay in the position of acetyl group
reduction, because their retention times were different.
Fragment ions from the MS/MS spectrum of T1 were m/z
442, 323, 263, and 233, which were 42 Da less than the m/z
484, 365, 305, and 275 of T-2 toxin, respectively, further
suggesting that T1 was a metabolite of T-2 toxin without an
acetyl group. Besides, metabolite T1 was the same as HT-2
toxin in both retention time and fragment ions. Therefore,
metabolite T1 was identified as HT-2 toxin.

As to the metabolite T3, the main fragment ions at m/z 305
and 24S were identical to those of T-2 toxin, suggesting there
was the same structure between the metabolite T3 and T-2
toxin. In addition, because there were two acetyl groups at C-4
and C-15 in the T-2 toxin, one metabolite without acetyl group
at C-4 was identified as HT-2, and another should be at C-15.
Therefore, metabolite T3 was identified as 15-deacetyl-T-2.

Metabolite T2. Metabolite T2 was eluted at 3.34 min and
showed an [M + NH,]" ion at m/z 400.1957 with the
elemental composition of C;oH;NOg, which was 84 Da less
than T-2 toxin with NH,* at m/z 484, suggesting that it was a
metabolite of T-2 toxin without the isovaleryl at the C-8
position. Fragment ions from the MS/MS spectrum of T2 were
m/z 368, 305, 275, 257, 245, 215, and 185, which were identical
to T-2 toxin. In addition, T2 was the same as NEO toxin in
both retention time and fragment ions. Consequently,
metabolite T2 was identified as NEO toxin.
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Figure 2. Proposed fragmentation pathways of T-2 toxin.
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Table 3. Summary of Metabolites of T-2 Toxin Identified in in Vivo and in Vitro Systems

[M + NH,]* mass error retention time molecular
metabolite (m/z) (mDa) (min) formula
ToO 4842547 2.1 6.52 C,HysNO,*
T1 442.2441 1.6 543 C,,HyNOg*
T2 400.1971 -14 3.34 CoH;0NOg*
T3 442.2441 1.4 4.73 C22H36N08+
T4 358.1866 -1.2 1.95 C;H,gNO,*
TS 358.1866 -2.8 293 C,,H,sNO,*
T6 500.2496 0.9 4.63 C,,H3gNO,,*
T7 458.2390 -19 3.76 C,,H;NO,*
T8 458.2390 -2.9 3.49 C,,HyNOy*
T9 474.2339 13 2.92 C,,H;NO,,*
T10 474.2339 19 3.16 C,,HyNO,,*
T11 5162445 -13 3.89 CpHyNO,,*
T12 516.2445 ~14 408 CpHyNO, "
T13 4582390 22 447 CppHyNOy*
T14 458.2390 -18 477 CyoHyNO,*
T1S 4422441 —21 409 CyoHyNO,*
T16 4262493 —23 574 C,oHyNO,*
T17 458.2390 -15 331 CyoHyNO,*
T18 502.2652 11 5.00 CoH,gNO,*
T19 5182584 ~18 3.60 CpH,oNO,,*

“The base peak in the MS/MS spectra is shown in boldface type.

ppoposed structure major fragments®

T-2 toxin 4846, 449, 407, 365, 305, 275, 245, 205, 197, 185,
169

HT-2 toxin 442, 425, 323, 305, 263, 245, 215, 197, 169

NEO toxin 400, 305, 257, 245, 215, 185, 169

15-deacetyl-T-2 442, 425, 308, 263, 245, 227, 199, 187

4-deacetylneosolaniol 358, 323, 263, 245, 215, 197, 169, 157

15-deacetylneosolaniol 358, 323, 263, 2485, 233, 215, 185, 157

3’-OH-T-2 500, 245, 215, 197, 185, 169

3-OH-HT-2 458, 323, 263, 245, 227, 215, 197, 185, 157

3-OH-15-deacetyl- T-2 4S8, 323, 30, 287, 245, 227, 199

37-di-OH-HT-2 474, 397, 379, 279, 261, 249, 231, 185

isomer of 3’,7-di-OH- 474, 397, 379, 279, 261, 249, 231, 185

HT-2
3,7-di-OH-T-2 516, 481, 421, 381, 321, 291, 182
isomer of 3',7-di-OH- 516, 481, 421, 381, 321, 291, 182
T-2

7-OH-HT-2 458, 441, 423, 339, 321, 279, 261, 249, 231, 213,
189

isomer of 7-OH-HT-2 458, 441, 423, 339, 321, 279, 261, 249, 231, 213,
189

de-epoxy-3'-OH-HT-2 442, 407, 289, 247, 229, 211, 201, 193, 183

de-epoxy-HT-2 426, 409, 307, 289, 247, 229, 211, 201, 193, 183

de-epoxy-3,7-di-OH- 458, 423, 405, 363, 345, 327, 305, 263, 245, 227,
HT-2 203

9-OH-T-2 502, 425, 383, 305, 263, 245, 227, 197

3’-OH-9-OH-T-2 518, 483, 443, 425, 399, 381, 323, 305, 281, 263,

245,

Metabolites T4 and T5. Metabolites T4 and TS were
eluted at 1.95 and 2.93 min, respectively, and they showed the
same [M + NH,]" ions at m/z 358.1854 with the elemental
composition of C;;H,sNO-, which was 42 Da less than NEO
toxin with NH," at m/z 400, suggesting that they were
metabolites of NEO toxin without one acetyl group. From the
MS/MS spectrum between metabolite T4 and HT-2 toxin, the
fragments of m/z 305, 263, 245, 233, 227, 215, 197, and 185
were the same fragments with similar abundances, implying that
metabolite T4 was the acetyl group reduced at C-4 metabolite
of NEO toxin.

Metabolite TS with NH," at m/z 358 lost an NH;-H,O to
form m/z 323. The fragments at m/z 305 or 293 were formed
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by successively losing H,O or CH,O from m/z 323.
Subsequently, the fragment at m/z 263 forms m/z 245, 233,
227,215,197, and 187, successively, as happened with the same
cataclastic behavior of m/z 263 in HT-2 toxin. Although there
were the same ion fragments between metabolite TS and HT-2
toxin, the abundances of the ion fragments were very different.
Therefore, metabolites T4 and TS were identified as 4-
deacetylneosolaniol and 15-deacetylneosolaniol, respectively.
Metabolite T6. Metabolite T6 showed an [M + NH,]" ion
at m/z 500.2487 with the elemental composition of
C,4H33sNO,, which was 16 Da higher than T-2 toxin, indicating
that it was the hydroxylation metabolite of T-2 toxin. Fragment
ions from the MS/MS spectrum of T6 were m/z 365, 305, 275,

dx.doi.org/10.1021/jf4012054 | J. Agric. Food Chem. 2013, 61, 9734—9743
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Figure 3. Extracted mass chromatography of the metabolites of T-2 toxin detected in in vivo and in vitro systems.

257, 245, 215, and 185, which was identical to T-2 toxin. T6
with NH," at m/z 500 generated m/z 483 and 365 by losing
successively NH; and CsH,,03, suggesting that the isovaleryl at
the C-8 position had been hydrolyzed. Therefore, T6 was
identified as 3’-OH-T-2.

Metabolites T7 and T8. Metabolites T7 and T8 were
eluted at 3.76 and 3.49 min, respectively. Both metabolites
showed the same [M + NH,]" ions at m/z 458.2371 with the
same elemental composition of C,H;sNOy, which was 16 Da
higher than HT-2 toxin, implying that they were hydroxylated
metabolites of HT-2 toxin or 15-deacetyl-T-2. Fragments of
metabolite T7 were m/z 323, 263, 245, 233, 215, 197, 185, and
169, which were identical to those of HT-2 toxin. In addition,
metabolite T7 with NH," at m/z 458 lost NH; to form m/z
441 and then lost C;H,O; to form m/z 323, suggesting that
the isovaleryl at the C-8 position had been hydrolyzed. Thus,
metabolite T7 was identified as 3'-OH-HT-2.

Fragments of metabolite T8 were m/z 305, 263, 245, 227,
199, and 187, which were identical to those of 15-deacetyl-T-2.
In addition, metabolite T8 with NH,* at m/z 458 lost an NH;-
H,O0 to form m/z 423 and then lost C;H,,0; to form m/z 303,
suggesting that the isovaleryl at the C-8 position had been
hydrolyzed. Consequently, metabolite T8 was identified as 3'-
OH-15-deacetyl-T-2.

Metabolites T9 and T10. Metabolites T9 and T10 were
eluted at 2.92 and 3.16 min, respectively. Both metabolites
showed the same [M + NH,]" ions at m/z 474.2326 with the
same elemental composition of C,,H3,NO,, which was 16 Da
higher than 3'-OH-HT-2, implying that they were hydrox-
ylation metabolites of 3’-OH-HT-2. Fragments of metabolite
T9 were m/z 474, 249, 279, and 379, which were 16 Da higher
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than the fragments at m/z 458, 265, 295, and 395 of 3'-OH-
HT-2, respectively, further suggesting that metabolite T9 was a
hydroxylated metabolite of 3'-OH-HT-2. The fragment m/z
305 was generated by losing C;HgO, from m/z 421, suggesting
that the isovaleryl was hydrolyzed. According to the obtained
results, T9 was identified as 3',7-dihydroxy-HT-2.

The metabolite T10 had the same fragment ions as
metabolite T9, whereas their retention times were different,
indicating they were the isomers of 3’,7-dihydroxy-HT-2.

Metabolites T11 and T12. Metabolites T11 and T12 were
eluted at 3.89 and 4.08 min, respectively, and showed the same
[M + NH,]* ions at m/z 516.2432 with the same elemental
composition of C,,H3sNO,;, which was 42 Da higher than 3',7-
dihydroxy-HT-2, implying that they were acetylated metabo-
lites of 3',7-dihydroxy-HT-2. Fragments of metabolite T11
were m/z 516, 481, 463, 421, 321, and 279, which were 42 Da
higher than the fragments at m/z 474, 439, 421, 379, 279, and
249 of 3',7-dihydroxy-HT-2, respectively, further suggesting
that T11 was the acetylated metabolite of 3',7-dihydroxy-HT-2.
Therefore, T11 was identified as 3’,7-dihydroxy-T-2. Metabo-
lite T12 had the same fragment ions as T11, but their retention
times were different, indicating they were the isomers of 3',7-
dihydroxy-T-2.

Metabolites T13 and T14. Metabolites T13 and T14 were
eluted at 447 and 4.77 min, respectively. Both metabolites
showed the same [M + NH,]* ions at m/z 458.2378 with the
same elemental composition of Cy,H;sNOy, which was 16 Da
less than 3’,7-dihydroxy-HT-2, implying that they were
dehydroxylation metabolites of 3’,7-dihydroxy-HT-2. The
fragments of T13 were m/z 458, 439, and 379, which were
16 Da less than m/z 474, 439, and 379 of 3',7-dihydroxy-HT-2,
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Figure 4. MS/MS spectra of the metabolites of T-2 toxin detected in in vivo and in vitro systems of rats.

respectively. Additionally, the fragment at m/z 423 generated
m/z 321 by losing CsH,,O,, implying that the isovaleryl was
not changed yet, which further suggested that T13 should be 7-
OH-HT-2. Metabolite T14 had the same fragment ions as T13,
but was eluted at a different retention time, indicating they were
isomers of each other.

Metabolite T15. Metabolite T15 was eluted at the
retention time of 4.09 min and showed an [M + NH,]* ion
at m/z 442.2420 with the elemental composition of
C,,H;NOg, which was 16 Da less than metabolite T7 of 3'-
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OH-HT-2, implying it was a de-epoxy metabolite of 3'-OH-
HT-2. The fragments of T15 were m/z 442, 247, 229, and 211,
which were 16 Da less than m/z 458, 263, 245, and 227 of 3'-
OH-HT-2, respectively, further suggesting that T1S was the de-
epoxy metabolite of 3'-OH-HT-2. In addition, the fragment at
m/z 307 was generated by losing C;HgO, from m/z 407,
suggesting that the isovaleryl was not changed yet. According to
the results obtained, metabolite T15 was identified as de-epoxy
3’-OH-HT-2.
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Metabolite T16. Metabolite T16 was eluted at 5.74 min
and showed an [M + NH,]" ion at m/z 426.2470 with the
elemental composition of C,,H3;NO,, which was 16 Da less
than metabolite T1S of de-epoxy 3'-OH-HT-2, implying that it
was the dehydroxylation metabolite of de-epoxy 3'-OH-HT-2.
The fragmens of T16 were m/z 307, 289, 247, 229, 201, and
183, which were identical to de-epoxy 3'-OH-HT-2.
Furthermore, the fragment at m/z 409 forms m/z 307 by
losing CsH,(O,, suggesting that the isovaleryl remained
unchanged. Consequently, metabolite T16 was identified as
de-epoxy HT-2.

Metabolite T17. Metabolite T17 was eluted at 3.31 min
and showed an [M + NH,]" ion at m/z 458.2375 with the
elemental composition of C,,H;NO,, which was 16 Da less
than metabolites T9 and T10 of 3',7-dihydroxy-HT-2, implying
that it was a de-epoxy metabolite of 3’,7-dihydroxy-HT-2. The
fragments of metabolite T17 were m/z 458, 423, 405, 363, 263,
245, 233, and 227, which were 16 Da less than the fragments at
m/z 474, 439, 421, 379, 279, 261, 249, and 243 of 3',7-
dihydroxy-HT-2, respectively, further suggesting that it was the
de-epoxy metabolite of 3’,7-dihydroxy-HT-2.

Metabolite T18. Metabolite T18 was eluted at 5.00 min
and showed an [M + NH,]* ion at m/z 502.2641 with the
elemental composition of C,,H,,NO,,, which was 18 Da higher
than T-2 toxin, implying that the hydroxylation maybe occurred
at the C-9 or C-10 position of T-2 toxin. Fragment ions from
the MS/MS spectrum of T18 were m/z 502, 467, 425, 383,
323, and 263, which were 18 Da higher than m/z 484, 449, 407,
365, 303, and 245 of T-2 toxin, respectively, further suggesting
that the hydroxylation occurred at the C-9 or C-10 position of
T-2 toxin. The fragment at m/z 425 formed m/z 323 by losing
CsH,,0,, implying the isovaleryl was not changed yet.
Additionally, there would be isomers for metabolite T18, if
the hydroxylation occurred at the C-10 position of T-2 toxin.
However, only one metabolite was detected in this study,
suggesting that the hydroxylation occurred at C-9. Therefore,
metabolite T18 was identified as 9-OH-T-2.

Metabolite T19. Metabolite T19 was eluted at 3.60 min
and showed an [M + NH,]" ion at m/z 518.2566 with the
elemental composition of C,,H,,NO;,, which was 16 Da higher
than 9-OH-T-2, indicating that it may be the hydroxylation
metabolite of 9-OH-T-2. The fragments of T19 at m/z 467,
425, 383, 323, 305, 263, 245, 217, and 199 were identical to the
those of metabolite T18. Additionally, the fragment at m/z 483
formed m/z 365 by losing C;H,O; suggesting that the
isovaleryl was hydrolyzed. Consequently, metabolite T19 was
identified as 3',9-dihydroxy-OH-T-2.

Metabolic Pathways of T-2 Toxin. T-2 toxin was easily
hydrolyzed in in vivo and in vitro systems, because there were
three ester bonds, including at the C-4, C-15, and C-8 positions
of T-2 toxin. Various metabolites were generated by hydrolysis
at different positions of ester bonds. However, the capability of
hydrolysis was different at different positions of the three ester
bonds, so that there was a tremendous difference in the
amounts of hydrolyzed metabolites."'" In the present study, the
results in vivo of rats showed that the amount of HT-2 toxin
was most, followed by NEO toxin and 4-deacetylneosolaniol,
and the least was 15-deacetyl-T-2 and 15-deacetylneosolaniol,
suggesting that the ester bond at the C-4 position was more
easily hydrolyzed than that at C-15 and C-8 of T-2 toxin.
Besides, T-2 toxin incubated with liver microsomes and liver S9
fraction also confirmed the above viewpoint, because the
amount of HT-2 toxin far outweighed NEO and 4-
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deacetylneosolaniol. However, T-2 triol and T-2 tetraol,
reported by previous research,’®*' were not detected in this
study, which may be too low in quantity to be detected. Among
the hydrolyzed metabolites detected in in vivo rats, 15-deacetyl-
T-2 and 3'-OH-15-deacetyl-T-2 were first detected, but they
were not detected in in vitro systems.

Hydroxylation is another important pathway for T-2 toxin.
After chemical intrusion into the body, it is prone to be
oxidized by the mixed-function oxidase. Hydroxylation at C-3’
and C-4" of isovaleryl of T-2 toxin had been reported in
previous studies.”**> The metabolites of hydroxylation at C-3’
had been detected in in vivo and in vitro systems, whereas
hydroxylation at C-4’ was detected only in vitro. Furthermore,
the toxicity of 4’-OH-T-2 was found to be greater than that of
3’-hydroxy-T-2 and nearly equal in dermal toxicity to T-2 toxin,
indicating that hydroxylation of T-2 toxin at the C-4" position
was not a detoxification reaction.”'' In our study, many
metabolites of hydroxylation at C-3' were also detected,
including 3’-OH-T-2, 3’-OH-HT-2, 3’-OH-15-deacetyl-T-2,
and so on, whereas 3'-OH-T-2 triol, reported by a previous
study,'" was not found in this research. Additionally, there was
also one metabolite of hydroxylation at C-3’, 3'-OH-T-2, in
small amount, detected in in vitro systems. The above results
showed that the capacity of hydroxylation at the C-3’ position
in vivo was more powerful than in in vitro systems. Besides,
metabolites of hydroxylation at C-4’ were not found in in vivo
and in vitro studies. It is noteworthy that one new metabolite of
hydroxylation at C-3', 3’-OH-15-deacetyl-T-2, was found in in
vivo study, with the nearly equal amount of 3'-OH-T-2.

One novel metabolic pathway of T-2 toxin, hydroxylation at
C-9, was found first in in vivo and in vitro systems. There were
two new metabolites, 9-OH-T-2 and 3’,7-dihydroxy-T-2,
detected and identified in in vivo Wistsr rats. Besides, the
amount of 9-OH-T-2 was almost equal to that of NEO toxin.
However, there was only one metabolite of hydroxylation at C-
9, 9-OH-T-2, detected in in vitro systems. In addition, the
amount of 9-OH-T-2 in the systems of live S9 fraction was
more abundant than in live microsomes. The experimental
results in vitro of T-2 toxin showed that hydroxylation at C-9 of
T-2 toxin could be metabolized by the liver systems. To better
assess the harm of T-2 toxin for animals and people, the
toxicological properties of new metabolites of hydroxylation at
C-9 of T-2 toxin are urgently needed to be clarified in future
studies.

Hydroxylation at C-7, another novel metabolic pathway of T-
2 toxin, was first detected in in vivo Wister rats, whereas it was
not found in in vitro systems. Various metabolites of
hydroxylation at C-7 of T-2 toxin were detected and identified
in in vivo male rats, including 7-OH-HT-2, 3',7-dihydroxy-T-2,
3/,7-dihydroxy-HT-2, and their isomers as well as de-epoxy-
3/,7-dihydroxy-HT-2. Numerous metabolites of hydroxylation
at C-7 of T-2 toxin demonstrated that hydroxylation at C-7 was
a significant metabolic pathway for T-2 toxin. Furthermore, the
amount of 3',7-dihydroxy-HT-2 was more than HT-2 toxin in
vivo male rats. Interestingly, this novel metabolic pathway of T-
2 toxin, hydroxylation at C-7, was not found in in vivo female
rats yet, because there was no metabolite of hydroxylation at C-
7 detected in female rats. Is the novel metabolic pathway of T-2
toxin, hydroxylation at C-7, metabolized by the liver systems or
by extrahepatic systems? Why was there a significant difference
between male and female rats? The liver metabolic enzymes,
which are different in males and females, should be partly
responsible for it. Further experiments are urgently needed to
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Figure S. Metabolic pathways of T-2 toxin in in vivo and in vitro systems of Wistar rats.
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Figure 6. Relative amounts of various metabolites of T-2 toxin in in vivo of male and female rats.

answer these questions. Early studies, the metabolism of T-2
toxin in cattle, showed that hydroxylation at C-7 of T-2 toxin
could happen, because there was one metabolite, 3',7-
dihydroxy-HT-2, detected and identified by GC-MS and
NMR spectroscopy.”® Besides, the authors believe that
hydroxylation at C-7 of T-2 toxin may be metabolized by
rumen microorganisms of ruminants, because there were
various microorganisms in the rumen of ruminants. The results
of this study showed that hydroxylation at C-7 of T-2 toxin
could also occur in nonruminants. Furthermore, the amount of
metabolites of hydroxylation at C-7 of T-2 toxin was
remarkable. The toxicological properties of new metabolites
of T-2 toxin were urgently needed to further research.
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The de-epoxidation of T-2 toxin, an effective detoxification
for T-2 toxin, had been clarified in a previous study.*® In in
vitro systems, T-2 toxin incubated with gut microbes
demonstrated that the de-epoxidation of T-2 toxin was
metabolized by anaerobic microorganisms in the intestine.''
Of course, there were lots of metabolites of de-epoxidation of
T-2 toxin detected in in vivo male and female rats, including de-
epoxy-HT-2, de-epoxy-3'-OH-HT-2, de-epoxy-3’-OH-15-de-
acetyl-T-2, and de-epoxy-3',7-dihydroxy-HT-2, suggesting that
de-epoxidation of T-2 toxin was an important metabolic
pathway in vivo. However, none of the de-epoxidase
metabolites was detected in in vitro liver systems, which once
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again proved that the de-epoxidation of T-2 toxin was not
metabolized by the liver systems.

On the basis of the above, the main metabolic pathways of T-
2 toxin in in vivo and in vitro Wistar rats were concluded, which
was hydrolysis (hydrolyzed at C-4, C-8, and C-15 positions),
hydroxylation (hydroxylated at C-7, C-9, and C-3’ positions),
and de-epoxidation. Additionally, the metabolic pathway of T-2
toxin is shown in Figure 5

Comparison Metabolism of T-2 Toxin in in Vivo and
in Vitro Systems. After identification of metabolites of T-2
toxin, it was necessary to quantify the detected metabolites.
Only in this way could we determine what were the major
metabolites and secondary metabolites. To further understand
the toxicological properties and other aspects, chemical
synthesis of those major metabolites was necessary. Consider-
ing the matrix effects and the limit detection of the instrument
in this study, we could approximately quantify the detected
metabolites. Nevertheless, quantification of the metabolite of T-
2 toxin was still meaningful. From various samples of in vivo
study, the urine samples were found to have higher levels of
metabolites and less impurity. Therefore, the 0—24 h urine
samples after rats administered T-2 toxin were collected,
because there were little metabolites detected after 24 h."'* To
reduce the impact of the individual differences, the urine of the
mixed multirats was adopted. It turned out that hydrolysis,
hydroxylation, and de-epoxidation were the major metabolic
pathways of T-2 toxin in in vivo studies, whereas the
conjugation metabolite of T-2 toxin was not detected, which
is shown in Figure 5. The metabolic studies of T-2 toxin in in
vivo male rats showed that the main metabolites were 3'-OH-
HT-2, de-epoxy-3'-OH-HT-2, 3',7-dihydroxy-HT-2, HT-2, 3'-
OH-T-2, 4-deacetylneosolaniol, and 7-OH-HT-2, sequentially.
It is worthy of noting that there was a significant difference
between male and female rats in the metabolites of T-2 toxin,
because hydroxylation at C-7 of T-2 toxin could not occur in
female rats. HT-2, 3’-OH-HT-2, de-epoxy-3'-OH-HT-2, 3'-
OH-T-2, 9-OH-T-2, and 4-deacetylneosolaniol were the main
metabolites for female rats. The detailed amounts of various
metabolites of T-2 toxin in male and female rats is shown in
Figure 6.

After 2 h of incubation, the samples of in vitro systems, T-2
toxin incubated with liver microsomes and liver S9 fraction,
were used for quantitative study of metabolites after simple
pretreatment. It turned out that hydrolysis was the main
metabolic pathway of T-2 toxin in in vitro systems, followed by
hydroxylation. HT-2, 4-deacetylneosolaniol, NEO, 9-OH-T-2,
and 3’-OH-T-2 had high contents in liver S9 fraction systems,
whereas in liver microsomes systems, HT-2, NEO, 9-OH-T-2,
and 4-deacetylneosolaniol were the main metabolites.

In summary, a sensitive UPLC-Q/TOF-MS method was
applied for the structural elucidation of T-2 toxin metabolites in
in vivo and in vitro systems of Wistar rats in this research.
Through the combination of the accurate mass measurements
providing qualitative information of TOF and the automatic
identification function of software Meabolynx™’, in total 19
metabolites of T-2 toxin were detected, and 9 of them were
discovered for the first time, such as 15-deacetyl-T-2, 3'-OH-
15-deacetyl-T-2, 3',7-dihydroxy-T-2, isomer of 3’,7-dihydroxy-
T-2, 7-OH-HT-2, isomer of 7-OH-HT-2, de-epoxy-3’,7-
dihydroxy-HT-2, 9-OH-T-2 and 3',9-dihydroxy-T-2. In addi-
tion, this research demonstrated one novel metabolic pathway
of T-2 toxin, hydroxylation at the C-9 position. Furthermore,
numerous metabolites of hydroxylation at C-7 of T-2 toxin
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were detected first in male Wistar rats, showing that
hydroxylation at C-7 could also occur in the rodents.
Interestingly, there are no metabolites of hydroxylation at C-
7 detected in vivo for female rats yet. Furthermore,
hydroxylation at C-9 of T-2 toxin was found in in vitro
systems, but hydroxylation at C-7 was not. The above results
provide an important basis for further study of the toxicological
safety evaluation of T-2 toxin.
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