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a b s t r a c t

The understanding of mycotoxins transfer to biological fluids is challenged by the difficulties in per-
forming and replicating in vivo experiments as well as the lack of suitable methods of analysis to detect
simultaneously a range of chemically different metabolites at trace levels. LC–MS/MS has been used
herein to study the urinary excretion profile of the mycotoxin deoxynivalenol in human and Wistar rat.
Deoxynivalenol and deoxynivalenol glucuronide were found in both human and rat urines, whereas de-
epoxydeoxynivalenol and its glucuronide conjugate were only detected in rat urine. The presence of two
deoxynivalenol glucuronide isomers in Wistar rat urine has been shown for the first time. Structure con-
firmation of the detected metabolites was provided by the analysis of fragmentation patterns. A solid
phase extraction clean up procedure allowing recoveries in the range 72–102% for deoxynivalenol, de-
epoxydeoxynivalenol, and their glucuronide conjugates was optimized. A multiple reaction monitoring
C–MS/MS method for the simultaneous determination of all investigated metabolites was elaborated allowing the
direct detection of deoxynivalenol metabolites without the hydrolysis step. Deoxynivalenol urinary levels
in the range 0.003–0.008 �g/ml were detected in healthy human subjects, whereas deoxynivalenol and
de-epoxynivalenol levels between 1.9–4.9 �g/ml and 1.6–5.9 �g/ml, respectively were found in admin-
istered rat urine. These findings emphasize the relevance of the highly selective and sensitive LC–MS/MS
technique for the direct detection and characterization of deoxynivalenol metabolites in complex bio-

logical matrices.

. Introduction

Deoxynivalenol (DON) is the most frequently occurring type-
trichothecene primarily associated with Fusarium graminearum

nd Fusarium culmorum, both important plant pathogens causing
arious blights, root rots and wilts [1,2]. Surveys on the occurrence
f DON showed it to be a world-wide contaminant of grains such as
heat, barley, oats, rye, maize, and relevant derived foods [3,4]. This
idespread contamination is a problem of concern in public health

ince DON is responsible for a wide range of disorders in animals,
ncluding haematic and anorexic syndromes, as well as neurotoxic
nd immunotoxic effects, and has been found to inhibit DNA, RNA

nd protein synthesis [2,3]. Taking into account new available data
n toxicity of DON and its acetyl derivatives (3-acetyl-DON and
5-acetyl-DON), occurrence in raw cereals and finished products,
nd effects of processing the Joint FAO/WHO Expert Committee on

∗ Corresponding author. Tel.: +39 080 5929364; fax: +39 080 5929374.
E-mail address: veronica.lattanzio@ispa.cnr.it (V.M.T. Lattanzio).

570-0232/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2011.01.029
© 2011 Elsevier B.V. All rights reserved.

Food Additives (JECFA) has recently updated the evaluations of this
mycotoxin. The committee decided to convert the provisional max-
imum tolerable daily intake (PMTDI) to a group PMTDI of 1 �g/kg
bw per day for DON and its acetyl derivatives since acetylated forms
are converted to DON in vivo and therefore contribute to the total
DON induced toxicity [5].

When reviewing the available studies on DON transfer in ani-
mals [6], the metabolic pathway appears quite complex. This
complexity is well reflected by the urinary excretion pattern of
this toxin. Besides the unchanged toxin, a range of urinary metabo-
lites has been identified in animal studies. A de-epoxy metabolite
(DOM-1) has been identified in rat urine as the result of the
metabolism of gut micro-organisms [7]. The epoxy group is the
major responsible for the toxicity of trichothecenes [2,8]. Animals
with ability to de-epoxidate may therefore be less sensitive to tri-

chotecenes than animals lacking this ability. The occurrence of
DOM-1 in human urine has been poorly investigated [9,10]. The
other main metabolic transformation of trichothecenes in animals
is glucuronide conjugation. Glucuronidation enhances water sol-
ubility facilitating the excretion with the urine. Besides DOM-1,

dx.doi.org/10.1016/j.jchromb.2011.01.029
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:veronica.lattanzio@ispa.cnr.it
dx.doi.org/10.1016/j.jchromb.2011.01.029
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everal more polar metabolites were found to be present in urine of
ats administered with 14C-DON [11]. Meky et al. [9] indirectly con-
rmed the presence of DON-glucuronide in humans since higher
ON concentrations were found in urine samples after treatment
ith �-glucuronidase.

The understanding of mycotoxins transfer to biological fluids
s challenged by the lack of suitable methods of analysis to detect
imultaneously a range of chemically different metabolites at trace
evels. One of the most common approaches used for metabo-
ite identification is a combination of radioisotopic counting and
hromatographic techniques following the fate of administered
4C-DON [9,11–13]. When performed, quantitative determination
s based on indirect measurements of the sum of DON and its glu-
uronide derivative after �-glucuronidase hydrolysis [9,14]. HPLC
ith UV detection is routinely used for quantitative analysis of
ON and its acetylated derivatives with good accuracy and pre-
ision [15]. However, given the rather non-specific UV absorption
f DON and its derivatives at 200–225 nm, an immunoaffinity col-
mn clean up is required to obtain chromatograms sufficiently
ree from interfering peaks. The lack of glucuronide retention abil-
ty of available immunoaffinity columns [9] makes this approach
ot applicable for the direct detection of DON, DOM-1 and their
lucuronides. Gas chromatography–mass spectrometry (GC–MS),
hich has the sensitivity and selectivity to detect and identify toxin
etabolites, requires hydrolysis of glucuronide conjugates and

erivatization [16,17]. Liquid chromatography coupled with mass
pectrometry (LC–MS) or tandem mass spectrometry (LC–MS/MS)
ffers suitable sensitivity, selectivity and possibility to get struc-
ural information and potentially allows the direct detection and
haracterization of DON metabolites. The use of LC–MS for the
etermination of DON and DOM-1 in pig urine has been reported
y Razzazi-Fazeli et al. [18]. Only one report is available on the
C–MS detection of glucuronide conjugates of DON and DOM-1
ogether with unconjugate forms in cow urine and hen exctreta
19]. Based on the use of single quadrupole instruments, these
tudies provided limited structural information. However they
learly illustrated the potential of LC–MS for the simultaneous
nd direct detection of de-epoxide and conjugated DON metabo-
ites in complex biological matrices eliminating the need of a
ydrolysis step, and avoiding the hazard of handling radioactive
eagents.

Aim of the present study was to evaluate LC–MS/MS as a tool
o investigate on the kind of urinary metabolites of the mycotoxin
eoxynivalenol in human and rats. A detailed structural character-

zation of the metabolites of interest is also given on the basis of
heir fragmentation patterns. Differences in the urinary metabolite
rofile in human and Wistar rat have been evidenced, furthermore
he presence of two DON glucuronide isomers in rat urine has been
hown for the first time.

. Methods

.1. Chemicals and reagents

Acetonitrile, methanol (both HPLC grade) and glacial acetic
cid were purchased from Mallinckrodt Baker (Milan, Italy). Ultra-
ure water was produced by a Millipore Milli-Q system (Millipore,
edford, MA, USA). Ammonium acetate (for mass spectrometry)
as from Sigma–Aldrich (Milan, Italy). Solid commercial standard

f DON and certified calibrant solution (50 �g/ml in acetonitrile)

f DOM-1 were purchased from Biopure Referenzensubstanzen
mbH (Tulln, Austria). �-Glucuronidase (Escherichia coli, type IX-A)
as from Sigma–Aldrich (Milan, Italy). Phosphate buffered solution

t pH 7.4 (PBS) was prepared by dissolving commercial phosphate
uffered saline tablets (Sigma–Aldrich, Milan, Italy) in distilled
ogr. B 879 (2011) 707–715

water. Strata-X solid phase extraction (SPE) columns (60 mg/3 ml)
were obtained from Phenomenex (Torrance, CA). HPLC syringe fil-
ters (0.45 �m) were from Alltech (Deerfield, IL, USA).

2.2. Preparation and analysis of contaminated feed

Contaminated feed was prepared by mixing 1.5 kg of grounded
control feed (rat and mouse standard feed) with 1.5 l of a F. gramin-
earum extract containing 34 mg/l of DON. Then, contaminated feed
was frozen and freeze-dried for 72 h. The freeze-dried material
was extracted and purified in triplicate according to the procedure
described by Lattanzio et al. [20] to confirm the final level of DON
(33.85 ± 1.96 mg/kg).

2.3. Urine samples

Human urine samples were collected from two Italian healthy
adult volunteers, namely a 30-year-old woman and a 45-year-old
man, with a standard Italian diet. This was assumed to be a potential
exposure to DON through the consumption of contaminated cereals
based on the SCOOP Report 2003 [4]. Volunteers were asked to col-
lect first-voided urine in the early morning. Informed consent was
obtained from all donors. The period of urine specimen collection
was from October 2006 to May 2007.

Eight young male Wistar-albine rats were maintained at the ani-
mal facility of the Universidad National de Rio Cuarto, Argentina.
The animal experimental design was approved by the ethical com-
mittee for animal experiments in Rio Cuarto (Argentina). Body
weights of rats ranged from 250 to 300 g. The animals were
housed singly in metabolic cages and allowed to acclimate for 24 h
under controlled conditions of temperature (20 ◦C) and light (12-h
light/dark cycle). During the acclimatising period rats were fed with
a standard diet and water ad libitum. 24-h urine were collected from
each rat and used as control urine (blank urine). Then, rats were
fed for 4 days with a 40 g/day of contaminated feed. Urine samples
from each rat were collected over the 4-day period and stored at
−20 ◦C. The mean DON intake of rats was 3.57 ± 1.53 mg/kg body-
weight/day.

2.4. Standard toxin solutions

Stock solutions of DON were prepared by dissolving the solid
commercial toxin in acetonitrile at concentration of 1000 �g/ml,
whereas for DOM-1 the certified calibrant solution (50 �g/ml
in acetonitrile) was used. Mixed diluted standard solutions of
DON and DOM-1 were prepared in acetonitrile at concentrations
10 �g/ml, 1 �g/ml and 0.1 �g/ml, by mixing DON stock solution
with DOM-1 certified calibrant solution. These solutions were used
for spiking experiments and to prepare calibrant solutions for
matrix-matched calibration.

2.5. Urine clean up on Strata-X columns

Human and rat urine samples were purified on Strata-X col-
umn by slightly modifying the protocol described by Murphy
and Huestis [21]. The column was attached to a vacuum man-
ifold (Supelco, Bellefonte, PA, USA), preconditioned with 2 ml
methanol followed by 2 ml water prior to use. 0.4 ml urine sam-
ple was added with 1.5 ml of 2% phosphoric acid in 10 mM
ammonium acetate and mixed well. The diluted urine solution
was applied to Strata-X column. The column was washed with

2 ml 0.1% phosphoric acid and dried by passing air. The ana-
lytes were eluted with 2 ml of 5% aqueous ammonia in methanol.
The eluate was evaporated to dryness under air stream at 50 ◦C.
The residue was reconstituted with 0.1 ml of LC mobile phase
(methanol/water, 10/90 v/v containing 5 mM ammonium acetate).
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Table 1
MRM parameters for the determination of DON, DOM-1, DON-G1 (12.8 min), DON-G2 (38.8 min) DOM-1-G.

Analyte Precursor ion Q1 (m/z) Q3 (m/z) DP (V) EP (V) CE (V) CXP (V)

DON
[DON + CH3COO]− 355.1

295.0
−23 −6

−17 −2.5
265.1 −20 −2.1

59.0 −36 −6.8

DOM-1 [DOM-1 + CH3COO]− 339.1
279.0

−15 −3
−10 −4

249.1 −20 −6
59.0 −20 −7

DON-G1
(12.8 min)

[DON-G + NH4]+ 490.2
297.2

+10 +1
+20 +3

249.2 +20 +3
231.1 +20 +3

DOM-1-G [DOM-1-G + NH4]+ 474.2
281.2

+10 +1
+30 +3

233.1 +40 +3
130.1 +40 +3

177.1 +40 +3
10
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DON-G2
(38.8 min)

[DON-G + NH4]+ 490.2

1: first quadrupole; Q3: third quadrupole; DP: declustering potential; EP: entranc

en microliters (equivalent to 40 �l urine) were analyzed by
C–MS/MS.

.6. Recoveries from Strata-X columns

For recovery experiments from Strata-X columns, blank rat
rine samples (n = 3) were spiked at level of 1 �g/ml of standard
oth DON and DOM-1, then cleaned up through Strata-X columns
ccording to the procedure described in Section 2.5. The amounts
f recovered toxins were calculated by using one-point matrix-
atched calibration.
To evaluate DON-G and DOM-1-G recoveries, urine samples

n = 6) from DON exposed rats were purified on Strata-X columns
ccording to the above procedure. After drying the eluates, n = 3
liquots were reconstituted in 0.1 ml of LC mobile phase then ana-
yzed by LC–MS/MS. Other n = 3 aliquots were reconstituted in
.4 ml of blank rat urine and cleaned up a second time through
trata-X columns. The dried residues were reconstituted in 0.1 ml
obile phase and analyzed by LC–MS/MS. Recoveries of DON-G

nd DOM-1-G were evaluated by comparing relevant peak areas in
amples after the first and the second clean up. To confirm the suit-
bility of the developed procedure, recoveries of DON and DOM-1
ere also evaluated using the same procedure.

.7. ˇ-Glucuronidase hydrolysis

For hydrolysis experiments, human urines (1 ml) were added
ith 1 ml phosphate buffer (pH 7.4) containing 4500 U �-

lucuronidase. Control samples were diluted with PBS only.
amples were incubated for 18 h at 37 ◦C. After incubation, 1 ml
f sample (equivalent to 0.5 ml urine) was added with 2 ml of
% phosphoric acid in 10 mM ammonium acetate and cleaned up
n Strata-X column according to the procedure described in Sec-
ion 2.5. After drying the purified sample was reconstituted with
.1 ml of LC mobile phase (methanol/water, 10/90 v/v containing
mM ammonium acetate). Ten microliters (equivalent to 50 �l
ydrolyzed urine) were analyzed by LC–MS/MS.

Given the high DON and DOM-1 content, urines (8 ml) from DON
xposed rats were extracted with 4 volumes of ethyl acetate before
ncubation. Organic phases were pooled together, dried (40 ◦C, air

tream), reconstituted with 1 ml of LC mobile phase, and analyzed
y LC–MS/MS. This procedure allowed to extract about 98% of DON
nd DOM-1 present in the sample, whereas glucuronides were not
etected in the organic phase. Aliquots of 1 ml of the remaining
queous fraction were added with 1 ml phosphate buffer (pH 7.4)
+10 +13.1 +50 +3
9.0 +50 +3

ntial; CE: collision energy; CXP: collision cell exit potential.

containing 4500 U of �-glucuronidase, then incubated and purified
as described above for human urine.

2.8. LC–MS/MS analysis of DON, DOM-1, DON-G, DOM-1-G

2.8.1. Instrumentation
LC–MS/MS analyses were performed on a Q TRAP® MS/MS sys-

tem, from Applied Biosystems (Foster City, CA, USA) equipped
with an APCI (atmospheric pressure chemical ionization) inter-
face and a 1100 Series micro-LC system comprising a binary pump
and a microautosampler from Agilent Technologies (Waldbronn,
Germany).

2.8.2. LC parameters
The analytical column was a Synergi Hydro® (150 mm × 3 mm,

4 �m particles) (Phenomenex, USA), preceded by an Aqua C18
guard column (4 mm × 2 mm, 10 �m particles) (Phenomenex, USA).
The flow rate of the mobile phase was 400 �l/min, while the injec-
tion volume was 10 �l. The column effluent was directly transferred
into the APCI interface, without splitting. Before LC–MS/MS analysis
all samples were filtered through 0.45 �m membrane filter. Eluent
A was water and the eluent B was methanol, both containing 5 mM
ammonium acetate. Gradient elution was performed by changing
the mobile phase composition as follows.

For full scan and single ion monitoring (SIM) analysis, the pro-
portion of eluent B was linearly increased from 1% to 20% in 30 min,
kept constant for 20 min, then increased to 80% in 1 min, and kept
constant for 4 min. The column was re-equilibrated with 1% eluent
B for 10 min.

For multiple reaction monitorinr (MRM) analysis, after 5 min of
5% eluent B, the proportion was linearly increased to 20% in 1 min,
kept constant for 24 min, then increased to 80% in 1 min, and kept
constant for 4 min. The column was re-equilibrated with 1% eluent
B for 7 min.

2.8.3. MS parameters
For MS analyses, the APCI interface was used with the follow-

ing settings: temperature (TEM) 450 ◦C, respectively. Curtain gas
(CUR), nitrogen, 30 psi; nebulizer gas (GS1), air, 50 psi; auxiliary
gas (GS2), air, 30 psi; corona discharge needle current (NC), −3 or

+3 �A, for negative and positive ion mode, respectively. Full scan
chromatograms were acquired in the range 50–800 amu. When
operating in MRM mode, 3 transitions were monitored for each
compound, with a dwell time of 100 ms. MRM parameters are
reported in Table 1. Limits of detection (LOD, signal-to-noise ratio
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Fig. 1. Identification and characterization of DON metabolites in rat urine. (A) Extract ion profile and LC–MS/MS spectra of [DON + NH4]+ (m/z 314.0) and the two isomers
[DON-G + NH4]+ (m/z 490.2) eluting at 12.8 and 38.8 min. (B) Extract ion profile and LC–MS/MS spectra of [DOM-1 + NH4]+ (m/z 298.1) and [DOM-1-G + NH4]+ (m/z 474.2).
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ig. 2. Identification and characterization of DON metabolites in human urine. Ext
m/z 490.2).

:1) were 2 ng/ml for DON and 1 ng/ml for DOM-1. Limits of quan-
ification (LOQ, signal-to-noise ratio 10:1) were 6 ng/ml for DON
nd 3 ng/ml for DOM-1. LOD and LOQ values refer to urine sam-
les purified onto Strata-X columns according to the procedure
escribed in Section 2.5 and were experimentally determined by
piking blank urine samples at different levels down to the lowest
etectable concentration.

.8.4. One-point matrix-matched calibration for quantitative
etermination of DON and DOM-1

For recovery experiments and analysis of naturally contam-
nated urine samples, calibrant solutions for matrix-matched
alibration were prepared in both human and rat blank urine
leaned up through Strata-X columns (as described in Section 2.5)
y adding an appropriate amount of DON and DOM-1 mixed stan-
ard solution to the methanolic eluate before drying. In hydrolysis
xperiments, calibrant solutions for matrix-matched calibration
ere prepared by treating blank urine from both humans and rats
ith �-glucuronidase as described in Section 2.7, then after clean
p of the incubated sample onto Strata-X, the methanolic eluate
as spiked with an appropriate amount of mixed DON/DOM-1

tandard solution before drying.

. Results

.1. Sample preparation for DON metabolite investigation
SPE cartridges were evaluated for urine purification and con-
entration in order to extract the whole pool of DON metabolites.
he suitability of Strata-X SPE cartridges for these purposes was
emonstrated at a first stage by the LC–MS detection of character-
n profile and LC–MS/MS spectra of [DON + NH4]+ (m/z 314.0) and [DON-G + NH4]+

istic ions of DON, DOM-1 and their glucuronide conjugates in the
purified urine samples. Details are discussed in Section 3.2.

Then, recovery experiments were carried out to ensure that
all metabolites were quantitatively extracted. Recoveries of DON
and DOM-1, evaluated by using commercially available authen-
tic standards, were 93% and 88% with relative standard deviations
(RSD) of 4% and 7%, respectively. Due to the lack of commercial
standards, recoveries of glucuronide derivatives were evaluated by
using urines from DON exposed rats and by comparing peak areas
of the relevant molecular ions [DON-G + H]+ and [DOM-1-G + H]+

(acquired in SIM mode) before and after the clean up. Glucuronide
recoveries resulted to be 72% (RSD 11%) for DON-G and 102% for
DOM-1-G (RSD 5%). DON and DOM-1 recoveries, calculated by using
the same approach, resulted to be 95% (RSD 7%) and 100% (RSD
1%). These data, in agreement with those obtained using authen-
tic standards, confirmed the suitability of the applied procedure
for isolation of DON, DOM-1 and the relevant glucuronide conju-
gates.

3.2. Identification and characterization of DON metabolites in rat
urine

For metabolite investigation, urine samples from DON exposed
rat was cleaned up on Strata-X column then analyzed by LC–MS and
LC–MS/MS. Levels of DON and DOM-1 in the investigated samples
were in the ranges 1.9–4.9 �g/ml and 1.6–5.9 �g/ml, respectively.
To detect molecular ions corresponding to potential DON
metabolites full scan chromatograms of rat urine samples were
first acquired (Fig. 1A and B). The extracted ion chromatogram at
m/z 314.0, corresponding to the adduct [DON + NH4]+, showed a
main peak at 27.7 min, corresponding to the retention time of stan-
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Fig. 3. TIC (sum of MRM transitions) chromatograms of a rat ur

ard DON. Mass spectrum (not shown) at this retention time also
howed a peak at m/z 297.0 corresponding to the ion [DON + H]+.
nterestingly, the extracted ion chromatogram of m/z 490.2, cor-
esponding to [DON-G + NH4]+ showed two relevant peaks at
etention times of 12.8 (DON-G1) and 38.8 min (DON-G2). Fig. 1A
lso shows the LC–MS/MS spectra of molecular ions [DON + NH4]+

m/z 314.0) and the two detected ions [DON-G + NH4]+ (m/z 490.1).
ragmentation patterns of [DON + NH4]+ and [DON-G + NH4]+ elut-
ng at 12.8 (DON-G1) min were almost overlapping, both exhibiting
haracteristic fragment ions of the trichothecene moiety, i.e. m/z
97.1, 279.0, 249.3, 231.3, 175.1, 137.2 [19,20]. All these frag-
ents were also detected in the MS/MS spectrum of standard
ON. Different fragmentation pattern was obtained, by apply-

ng the same collision energy value, for the compound eluting at
8.8 min (DON-G2). Besides the peaks at m/s 473.2 and 455.2 due
o the subsequent neutral losses of NH3 and water, respectively,
his compound showed two fragment ions attributable to the tri-
hothecene moiety, i.e. m/z 297.1 and 279.0 and three peaks at m/z
91.1 (C6H7O7), 177.0 (C6H9O6) and 103.0 attributable to the glu-
uronide residue. Results of LC–MS/MS analyses suggest therefore
he presence of two DON glucuronide isomers eluting at different
etention times. The MS/MS spectra of the compound eluting at
bout 33 min, as well as those of other minor peaks observed in
xtracted ion chromatograms of m/z 314.0 and 490.2 (Fig. 1A), did
ot show any fragment attributable to DON or structurally related
ompounds.
Since levels of DOM-1 in the analyzed sample were compa-
able to those of DON, the presence of a glucuronide conjugate
f DOM-1 was also investigated (Fig. 1B). The extracted ion
hromatogram of m/z 298.1, corresponding to the adduct [DOM-
+ NH4]+, showed a peak at 38.7 min. Both retention time and
mple before (A) and after (B) hydrolysis with �-glucuronidase.

fragmentation of this compound were identical to those of the
authentic standard. Furthermore, by extracting in the full scan
chromatogram the mass 474.2, corresponding to the molecular
mass of the ion [DOM-1-G + NH4]+ one peak was obtained at
retention time of 19.2 min. The MS/MS spectrum of the ion of
m/z 474.2 showed a fragment of m/z 457.1 ([DOM-1-G + H]+) and
main fragments at m/z 281.2, 233.1 also present in the MS/MS
spectrum of standard DOM-1. Furthermore, fragments of m/z
191.1, 177.0, 133.1 originating from the glucuronide moiety were
also present, thus confirming the molecular structure of DOM-1-
G.

3.3. Identification and characterization of DON metabolites in
human urine

To investigate the presence of DON metabolites in human urine,
urine samples were collected from adult healthy subjects. MRM
analyses showed the presence of DON at levels ranging from 0.003
to 0.008 �g/ml whereas DOM-1 was not detected in any of the
collected samples.

Results of LC–MS and LC–MS/MS investigation of DON metabo-
lites are reported in Fig. 2 DON was detected as ammonium adduct
and confirmed by the analysis of MS/MS fragmentation pattern as
shown above for rat urine. In the extracted ion chromatogram of
m/z 490.2, corresponding to the adduct [DON-G + NH4]+, only one
peak at 38.8 min was observed (DON-G2). This compound showed

a fragmentation pattern similar to that obtained in rat urine sam-
ple, with peaks at m/z 297.1 and 279.0 relevant to the DON moiety
and more prominent peaks at m/z 191.1, 177.0, 133.0, 103.0 origi-
nating from the glucuronide residue. The DON-G isomer eluting at
12.8 min (DON-G1), and DOM-1-G were not detected.
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Fig. 4. TIC (sum of MRM transitions) chromatograms of a human

.4. MRM detection of DON, DOM-1, DON-G and DOM-G

A MRM method for the detection of DON, DOM-1, DON-G1,
ON-G2 and DOM-1-G (Table 1) was elaborated for screening
urposes and for the analysis of hydrolyzed urine samples (see fol-

owing paragraph). MRM transitions for the detection of DON and
OM-1 were obtained by direct infusion experiments performed
ith standard toxins. MRM transitions and relevant collision

nergy values for the detection of glucuronide derivatives were
hosen by acquiring LC–MS/MS spectra of DON-G1, DON-G2, and
OM-1-G at different collision energy values. Given the different
S/MS behavior (see Fig. 1) of the two DON-G isomers, different

ransitions were chosen for these compounds.

.5. Structure confirmation by hydrolysis with ˇ-glucuronidase

To further confirm the structure of glucuronide derivatives, rat
nd human urines were treated with �-glucuronidase. The initial
ON and DOM-1 content of the rat urine sample used for hydrolysis
xperiments was 4.9 �g/ml and 1.6 �g/ml, respectively. Extremely
igh LC–MS/MS signals were observed for DON and DOM-1 in rat
rine, as compared to those of glucuronides (see Fig. 3), therefore
nzyme incubation was performed after removing most of DON
nd DOM-1 from the samples by extraction with ethyl acetate. This
llowed to measure the increase of the chromatographic signal
o quantify the release of DON and DOM-1 during the hydroly-

is.

Chromatographic profiles of rat urine sample before and after
ncubation with �-glucuronidase are shown in Fig. 3. The �-
lucuronidase treatment resulted in a DON increase of 0.350
±0.042) �g/ml (corresponding to 0.557 �g/ml of DON glucuronide
sample before (A) and after (B) hydrolysis with �-glucuronidase.

hydrolyzed), while a 44% (RSD 21%) decrease of the peak area
of DON-G1 isomer was observed. Given the intensities of glu-
curonide peaks in the analyzed samples, it was only possible to
quantify the decrease of the isomer DON-G1. The DOM-1 increase
resulted in 1.850 (±0.211) �g/ml (corresponding to 3.012 �g/ml
of DOM-1-G hydrolyzed), while a 16% (RSD 6%) decrease was
observed for the peak area of DOM-1-G. Even though the hydrol-
ysis was not quantitative, the decrease of glucuronide peaks and
the simultaneous increase of DON and DOM-1 peaks confirmed the
presence of glucuronide conjugates of both DON and DOM-1 in rat
urine.

The structure of DON glucuronide in human urine was con-
firmed in the same way. The initial DON content in human
urine sample used for hydrolysis experiments was 0.004 �g/ml.
Following �-glucuronidase treatment, the DON content resulted
0.007 (±0.0005) �g/ml, corresponding to 0.004 �g/ml of DON glu-
curonide hydrolyzed. By comparing peak areas of DON-G2 in the
chromatograms of samples before and after incubation, a decrease
of peak area of 27% (RSDr 12%) was calculated. Chromatographic
profiles of the urine sample before and after the incubation with
�-glucuronidase are shown in Fig. 4. As observed for rat urine,
the hydrolysis was not quantitative, but the increase of DON peak
in conjunction with the decrease of DON-G2 peak confirmed the
presence of a glucuronide derivative in human urine.

4. Discussion
Although the presence of de-epoxide and glucuronide conjugate
of DON in biological fluids was previously reported, very limited
MS data are available in the literature [19,22]. In the present work,
LC–MS/MS has been investigated as a direct method to analyze for
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Table 2
Summary of structural information and qualitative DON metabolite profile, in human and rat urine, obtained by analysis of MS/MS spectra and �-glucuronidase hydrolysis.

Molecular structure Characteristic ions
(m/z)

Presence in urine

Rat Human

DON

OH O

O

CH3

CH2

CH3

OH

O

OH

355.1
Negative
ions

Yes Yes

295.0
265.1

59.0

DOM-1

OH O

CH3

CH2

OH

O

OH

CH2

339.1
Negative
ions

Yes No

279.0
249.1

59.0

DONG1*

O

H

H
H

H

OH
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H OH
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O

O

O
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OH

O

OH
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Positive
ions
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249.2
231.1
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490.2
Positive
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No Yes
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89.0
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H
H

H

OH

OH

O

OH
O

O
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O

O
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474.2
Positive
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Yes Yes
281.2
233.1
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* The position of glucuronide moiety is indicative since the exact site of glucuron

ON and its metabolites in urine samples. A summary of struc-
ural and qualitative information on DON metabolites in human
nd rat urine obtained by LC–MS/MS analysis is reported in Table 2.
fter sample pre-concentration on SPE cartridges, the whole set
f DON metabolites could be detected in rat urine, whereas only
ON and DON glucuronide were found in human urine. The frag-
entation patterns (MS/MS spectra) provided detailed structural

nformation for all toxin metabolites (even for those present at trace
evels) without the need to isolate them. Differences in the urinary
xcretion profiles between human and rat were identified.

In agreement with previous findings [9,23], the metabolites
etected in human urine were only DON and DON glucuronide,
hereas neither DOM-1 nor its glucuronide conjugate were found.

tructural confirmation of DON glucuronide in the investigated
amples was obtained by �-glucuronidase hydrolysis. Although the
ydrolysis was not quantitative, an increase of 1.7-fold of DON
ontent was observed in human urine, confirming that DON glu-
uronide conjugate represents a significant portion of excreted
ON in humans. Meky et al. [9] observed an increase of 1.2–2.8-

old of DON content when hydrolyzing human urine samples
ith a DON content at levels comparables to those reported

n this study (in the range 0.004–0.018 �g/ml). Little informa-
ion about gastrointestinal de-epoxidation of trichothecene in
umans is available in the literature, except for a study by Erik-
en and Petterson [23] that observed lack of de-epoxidation of

ype-B trichothecenes incubated with human excreta. Likewise,
OM-1 was not detected in this study also after �-glucuronidase

reatment of human urine. Low levels of DOM-1 (in the range
.0002–0.0028 �g/ml) in human urine has been recently reported
10].
H

n cannot be determined by MS/MS spectra.

With respect to urinary excretion profile in rats, comparison of
our findings with previously reported studies was quite hard since
the available data on DON metabolism in rats are conflicting. DOM-
1 was first identified in urine from Wistar rats by Yoshizawa et al.
[24], further studies confirmed the presence of this metabolite in
excreta of oral administered PVG rats [7,11]. On the other hand,
DOM-1 was not detected in urine from Sprague-Dawley rats, that
were found to contain a significant portion of DON glucuronide
[9]. In vitro studies showed no metabolic activity, neither DON de-
epoxydation nor glucuronidation, in rat liver fractions from male
rats [25]. Another report describes the biotransformation of DON
to its glucuronide in the isolated perfused rat liver [16]. In this
study both DON and DOM-1 were detected together with their glu-
curonide conjugates in urine from orally administered Wistar rats,
revealing a complex excretion pattern in which de-epoxidation
and glucuronidation routes are involved. This study shows for the
first time the presence of two different DON glucuronide conjugate
forms in Wistar rat urine.

Data from the literature are not homogeneous, indicating that
metabolic routes could be influenced by several parameters such
as the animal species, the method of administration or the level
of toxin exposure. Variations in metabolic profile of trichothecene
mycotoxins following oral or intravenous administration were
found in Sprague-Dawley rats [26]. Differences in glucuronidation
activity between Sprague-Dawley, Fischer 344, and Wistar rats,

were evidenced and attributed to differences in �-glucuronidase
levels in the examined strains [27].

On the other hand, the analytical approach to detect and quan-
tify a range of different metabolites in such a complex matrix plays
an important role. Even though several approaches have been pro-
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osed, to date there is no validated method for the analysis of
eoxynivalenol metabolites in urine. The most frequently used pro-
edure is based on indirect measurements of the sum of DON and
ts glucuronide derivative after �-glucuronidase hydrolysis [9,14].
owever, a standardized method based on hydrolysis that guaran-

ees a quantitative conversion is currently not available and there
s no harmonization between published protocols [9,14,22].

In this view, it appears to be quite important the availability
f highly sensitive and selective analytical methods enabling the
irect measurements of the whole set of DON metabolites in bio-

ogical fluids even at trace levels, avoiding indirect measurements.
he poor selectivity of HPLC with UV reading makes this technique
ot adequate for these purposes. Available GC–MS methods for
ON metabolite analysis require both glucuronide hydrolysis and

ample derivatization [16,17]. The present work showed how using
C–MS/MS it is possible to overcome these drawbacks and to obtain
etailed structural information of investigated compounds. More-
ver, although quantitative determination was out of the scope of
he manuscript, a significant improvement in terms of detection
imits and selectivity, i.e. an higher degree of analyte identifica-
ion, has been obtained with such advanced technique, as compared
ith previous reports based on LC–MS [18,19].

A protocol for the laboratory synthesis of a standard DON glu-
uronide has been reported [22], although the compound is not
ommercially available. The availability of commercial standard
ould open future perspectives for the direct quantitative deter-
ination of DON and its metabolites including conjugate forms.

his would make the method applicable to monitoring programmes
roviding a complete and realistic framework of exposure levels
nd relevant metabolic routes.

. Conclusions

The urinary excretion profile of the mycotoxin deoxynivalenol
n human and rat has been investigated by LC–MS/MS. Struc-
ure elucidation of the detected metabolites has been provided by
he analysis of their fragmentation patterns, and confirmed by �-

lucuronidase hydrolysis. Exploiting MS/MS data, a MRM method
or the simultaneous detection of all investigated metabolites has
een elaborated and applied for the analysis of naturally contami-
ated samples before and after �-glucuronidase treatment. A solid
hase extraction clean up procedure allowing satisfactory recov-

[
[
[
[
[

ogr. B 879 (2011) 707–715 715

eries for DON, DOM-1, and their glucuronide conjugates has been
optimized. Differences in the urinary metabolite profile in human
and rat have been evidenced, and the presence of two DON glu-
curonide isomers in Wistar rat urine has been shown for the first
time. The reported results demonstrate the suitability of LC–MS/MS
technique for the direct detection and characterization of DON
metabolites.
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