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a  b  s  t  r  a  c  t

Glionitrin  A (GN  A)  is  a new  diketopiperazine  disulfide  with  an  aromatic  nitro  group,  which  is iso-
lated  from  the coculture  of  an  Aspergillus  fumigatus  fungal  strain  and  a  Sphingomonas  bacterial  strain.
After  intravenous  administration  of  GN  A  in  rats,  13  urinary  metabolites  of GN  A  were  identified  using
ultra-performance  liquid  chromatography/quadrupole  time-of-flight  mass  spectroscopy  (UPLC–QTOP-
MS)  analysis  in  conjunction  with  data  processing  programs  such  as  MetaboLynxTM and  MassFragnentTM.
Reduction,  nitro-reduction  and  hydration  were  the  primary  metabolic  processes  affecting  GN A in  vivo,
followed  by  demethylation  or  oxidative  deamination  to  alcohol,  as  well  as  cysteine,  glycine,  glucuronide
PLC–QTOP-MS
iketopiperazine disulfide

or  sulfate  conjugation.  The  metabolite  resulting  from  reduction  was  found  to be  a molecule  with  a  dithiol
group, and  the  metabolite  made  by nitro  reduction  was  found  to  be an  aromatic  amine  corresponding  to
GN A. Both  of  these  products  may  have  pharmacological  or toxicological  activity,  which  is valuable  infor-
mation  in  terms  of using  GN  A  as a lead  compound.  In addition,  this  work  showed  that  UPLC–QTOP-MS
analysis  coupled  with  efficient  data  processing  programs  is  useful  for rapid  and  reliable  characterization

vo.
of  GN  A  metabolites  in vi

. Introduction

Glionitrin A (GN A) (Fig. 1) is a new diketopiperazine disul-
de isolated from the coculture of the Aspergillus fumigatus fungal
train KMC-901 and the Sphingomonas bacterial strain KMK-001
1].  Its structure is similar to gliotoxin and dehydrogliotoxin, but it
s unique in that it has a nitro aromatic ring. It showed promis-
ng antimicrobial activities against several microbes, including

ethicillin-resistant Staphylococcus aureus.  It also displayed sig-
ificant cytotoxic capacities toward some human cancer cell lines

n an in vitro MTT  cytotoxicity assay [1]. These features suggest that
lionitrin A might be a potential drug candidate.

The identification of the metabolites of potential drug can-
idates provides essential information on drug efficacy and the
oxicological profile and also provides information that may

esult in the generation of new, improved drug structures. Lately,
etabolic studies performed in the early stage of drug discovery

ave been applied to judge whether new molecules are worth

∗ Corresponding author at: Biomolecules Function Research Center, Korea Insti-
ute  of Science and Technology, P.O. Box 131, Cheongryang, Seoul 130-650, Republic
f  Korea. Tel.: +82 2 958 5062; fax: +82 2 958 5059.

E-mail address: jbhluck@kist.re.kr (B.H. Jung).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jchromb.2012.08.015
© 2012 Elsevier B.V. All rights reserved.

further development [2]. Liquid chromatography/mass spectrom-
etry (LC/MS) is highly useful for this application. In particular, the
use of a high-resolution MS  system with excellent accuracy and
stability coupled with a sophisticated data processing program has
guaranteed the quality and productivity of metabolite acquisition
processes [3].  Additionally, ultra-performance liquid chromatogra-
phy (UPLC) provides improvement in separation and resolution in a
shorter time compared with conventional high-performance liquid
chromatography (HPLC) [4].

In the present study, the potential metabolites of GN A
in vivo were determined through an analytical process based on
UPLC–QTOF-MS, followed by a data search with a well-designed,
automated data analysis program. This approach efficiently pro-
vided high-quality structural information on GN A metabolites
excreted in the urine after intravenous administration, even though
the biotransformed molecules occurred at trace levels concomitant
with an excess of endogenous compounds.

2. Materials and methods
2.1. Chemicals and reagents

GN A was isolated from the coculture of an Aspergillus fumiga-
tus fungal strain and a Sphingomonas bacterial strain. The crude

dx.doi.org/10.1016/j.jchromb.2012.08.015
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:jbhluck@kist.re.kr
dx.doi.org/10.1016/j.jchromb.2012.08.015
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Fig. 1. Structure of GN A: (A)

xtract was fractionated by reverse-phase HPLC using gradient elu-
ion, and then GN A was purified by normal-phase HPLC followed
y crystallization, which was precisely described in the previous
eport [1].  GN A crystals was dissolved in methanol at a concen-
ration of 1 �g/ml and its purity was checked on chromatogram by
PLC–QTOF-MS analysis. Gliotoxin and acetonitrile (HPLC grade)
nd formic acid were purchased from Sigma-Aldrich Chemical Co.
St. Louis, MO,  USA). Saline solution was purchase form Dai Han
harm (Seoul, Korea). Ultrapure water (18.2 M�)  was  obtained
sing a Milli-Q apparatus from Millipore (Milford, USA).

.2. Stability of GN A in saline and urine

Stabilities of GN A in saline and urine were tested according
o the methods precisely explained in supplement materials.  Here
s brief description as follows: For urine stability test, 100 �l of
uality control (QC) samples were prepared at lower (0.01 �g/ml),

ow (0.1 �g/ml), medium (1 �g/ml) and high (10 �g/ml) of GN A
y spiking an appropriate amount in urine. Five replicates of each
C samples were evaluated in every condition of stability tests. To

est short-term stability, QC samples were stored at room temper-
ture for 0, 1, 2, 4 and 8 h as well as at 4 ◦C for 24 h. To evaluate
he long-term stability, QC samples were stored at −80 ◦C for 2
nd 4 weeks. The stability of GN A through the freeze (−80 ◦C)

 thaw (room temperature) cycles were tested with QC samples
hat underwent the freeze and thawing process three times. For
valuation of stability in IV dosing solution, 100 �l of test sample
as prepared at the concentration of 1 �g/ml of GN A by adding in

aline. Five replicates were stored at room temperature for 0, 15, 30,
0 and 120 min. Each stability test was stopped by adding 200 �l of
ethanol containing gliotoxin (250 ng/ml; internal standard). Test

amples were analyzed using LC–MS/MS and the percentages of
N A remaining at each time point relative to sample at the start-

ng point were calculated. A compound was considered stable if the
ercentages at each time point were within ±15% of the sample at
tarting point.

.3. Animal experiments

Eight-week-old male Sprague–Dawley rats (weighing
70–300 g) were purchased from Orientbio Korea (Seoul, Republic
f Korea). The rats were housed in a room with an ambient temper-
ture of 23 ± 2 ◦C, 12-h light/dark cycles, and a relative humidity of
5 ± 10% for 7 days. Rats were fasted for 12 h before drug injection
nd for a further 4 h after dosing. Water was available ad libitum

uring the experiments. For the drug injection, the jugular vein of
ach rat was cannulated using polyethylene tubing (PE50) under
nesthesia with a 2:1 mixture of Zoletil® and Rompun®. Rats were
dministered a single intravenous (IV) dose of GN A dissolved in
ructure and (B) 3D structure.

saline (10 mg/kg). Blank urine samples were collected before drug
administration over 8 h and urine samples were collected for 8 h
after IV injection. All urine samples were stored at −80 ◦C until
analyzed. The animal experimental protocol was  approved by the
institutional animal care and use committee of Korea Institute of
Science and Technology.

2.4. Sample preparation

A 200 �L aliquot of each urine sample was  centrifuged at
10,000 × g for 15 min  at 4 ◦C to remove particulates and was then
diluted with the same volume of water. 200 �L of diluted urine
was transferred to an autosampler vial. Five microliters of the pre-
pared urine sample were injected into the UPLC-QTOF-MS system
for analysis.

2.5. UPLC/ESI-QTOF-MS analysis

UPLC–QTOF-MS was  used to identify GN A metabolites in rat
urine. An ACQUIRY UPLC® (Waters, Milford, MA,  USA) was directly
connected to a QTOF-MS (SYNAPTTM G2, Waters, Milford, MA,
USA). Separation was achieved using an Acquity UPLC BEH C18 col-
umn  (1.7 �m particle size, 2.1 mm inner diameter, 100 mm length;
Waters) at 40 ◦C. The gradient elution was  performed using a mix-
ture of solvent A (0.1% formic acid in 1% acetonitrile) and solvent B
(0.1% formic acid in 99% acetonitrile) at a flow rate of 0.4 ml/min.
The starting conditions were 100% A for 1 min, changing to 0% A at
17 min, and the solvent composition was  then held at 100% B for
1 min. Re-equilibration of the system with 100% A (v/v) for 2 min
was conducted prior to the next injection. All samples were kept at
4 ◦C during the analysis.

Mass spectrometry was  performed in negative ionization mode
with an electrospray ionization source (ESI) interface. The capil-
lary voltage was set to 2500 V, and the cone voltage was 40 V.
Nitrogen was  used as the desolvation and cone gas at a flow
rate of 600 L/h and 60 L/h, respectively. The source temperature
was 120 ◦C, and the dissolution temperature was  350 ◦C. Leucine-
enkephalin (0.2 �g/L in 50% methanol) was utilized as the lock mass
(mass-to-charge ratio (m/z) 554.2615) at a flow rate 20 �L/min. Full
scan data were collected at a range of m/z 50–1200 over a period
of 15 min  with a scan time of 0.5 s and an interscan delay of the
0.1 s. m/z values in resolution mode, and all of the acquired spectra
were automatically corrected during acquisition based on the lock
mass. The mass spectrometric data were collected into two sep-

arate data channels, using collision energy alternating between 0
(low-energy scans) and 30 eV (high-energy scans) in the centroid
mode. Before analysis, the mass spectrometer was calibrated with
0.2 mM sodium formate solution.
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Fig. 2. Typical base peak intensity (BPI) chromato

.6. Data analysis

The raw mass spectrometry data from all of the samples were
rocessed by a MetaboLynx XS version 4.1 (Waters Corp., Milford,
SA), which employs a comprehensive list of potential biotrans-

ormation reactions with the elemental compositions of each
ossible metabolite and generates a sequence of extraction ion
hromatograms (XICs). Comparing the XICs of the samples after GN

 administration and blank samples allows for the identification of
otential drug metabolites. The key analysis parameters were as
ollows. The tolerance of the mass defect filter (MDF) was set at
5 mDa. In the MS  trace condition, the retention time ranged from

 to 12 min. For expected MS  chromatograms, mass values were
stimated from the parent molecule (glionitrin A) and expected
etabolites; unexpected metabolite chromatograms were pre-

ented from mass range chromatograms by a full acquisition mass
anging from 50 to 1000 Da. For integrated chromatogram condi-
ions of expected and unexpected metabolites, the mass window
as set at 0.05 Da and the response threshold was adapted at 10%

f absolute area. In the spectrum condition, the intensity threshold
f metabolite identification was 10%. In false positive conditions,
he retention time window was set to a 0.1 min  matching with

 blank sample, the ratio of analyte to control peak area was  5,
nd false positive results were not reported. Elemental composi-
ions for expected and unexpected metabolite peaks were created
sing an exhaustive list of potential formulas of the metabo-

ites.
The structural prediction was performed using

assFragmentTM software, which applied systematic bond
isconnections and a specific scoring system to automatically
resent structural assignment in response to high mass accuracy
nd precision. The key parameters for the mass fragment analysis
ere as follows: maximum mass errors, less than 5 ppm; double-

ond equivalent (DBE), 0–50; maximum H deficit, 6; electron
ount, both; and fragment number of bonds, 4.

. Results and discussion

.1. Chemical stability of GN A
To exclude the possibility that the observed putative metabo-
ites of GN A are derived due to chemical instability of molecule,
tability of GN A in urine and saline as well as its purity were tested.
 obtained from blank and drug-treated rat urine.

When the purity of GN A crystals was checked by UPLC–QTOF-MS
analysis, its purity was  estimated over 98% (Supple Fig. 1). As GN A
was mainly stored as crystals and dissolved in saline right before
injection, high purity of its crystal can guarantee its stability at
storage condition and quality of injection material. To confirm its
stability during the experiments, the change of GN A in urine and
saline (used for IV injection) were checked. No significant change of
GN A was  observed at every condition of the stability test, implying
that GN A was chemically stable during the experiments (Supple
Tables 1 and 2). These results suggest that the potential metabo-
lites of GN A presented in this study exclusively resulted from
metabolism in vivo.

3.2. Metabolic profile of GN A

The UPLC–MS conditions were optimized to provide a full
overview of the pattern of the metabolites in rat urine after
administration of GN A. The acetonitrile–water system had better
separation capacity and elution power than the methanol–water
system. Ionization of parent GN A was  much better in the negative
ionization mode than in the positive mode, and the difference in the
chromatograms of blank and drug-treated urine was more notice-
able in the negative mode. Therefore, all processing for metabolite
identification was performed in the negative ionization mode. MS
data were acquired in the MSE mode, which is a fast scanning
method to obtain full-scan MS  and MS–MS  data simultaneously
in a single run via collision energy switching. Typical base peak
intensity (BPI) chromatograms from drug-treated and blank sam-
ples are shown in Fig. 2. When compared with blank samples, the
parent compound and 13 metabolites were detected in rat urine in
the negative ionization mode.

3.3. Fragmentation pattern of standard GN A

To efficiently identify metabolites in the biological sam-
ple, the retention time (RT) in the UPLS chromatogram, MS
spectrum and MS2 fragmentation patterns were confirmed
using reference GN A (Fig. 3A). The parent ion was depro-
tonized at m/z 352.0067 ([M-H]−) in the negative ionization

mode. Using MassFragmentTM, the major MS/MS  spectra pro-
duced were determined at m/z 161.0353 (C8H5N2O2), 189.0316
(C9H5N2O3), 218.0556 (C10H8N3O3), 220.9996 (C9H5N2O3S),
239.0456 (C13H7N2O3), 253.0487 (C10H11N3O3S), 257.0438
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Fig. 3. MS and MS–MS  analysis of reference GN A: (A) MS and MS

C12H7N3O4), 272.0426 (C13H10N3O4) and 288.0617 (C13H10N3O5)
Table 1). These spectra were considered to be formed by the

equential loss of a S2, O, or CH3 as well as ring cleavage. The
redicted fragmentation pattern of GN A is shown in Fig. 3B. The
S/MS  fragmentation pattern of the parent molecule was useful

n understanding the structures of the metabolites.

able 1
he possible elemental compositions, measured and calculated masses, mass errors of de

Elemental composition Measured mass (Da) Calc

C13H10N3O5S2 352.0067 352
C8H5N2O2 161.0353 161
C9H5N2O3 189.0316 189
C10H8N3O3 218.0556 218
C9H5N2O3S 220.9996 221
C13H7N2O3 239.0456 239
C10H11N3O3S 253.0487 253
C12H7N3O4 257.0438 257
C13H10N3O4 272.0426 272
C13H10N3O5 288.0617 288
pectra of GN A and (B) predicted fragmentation patterns of GN A.

3.4. Identification of metabolites
Reduction, nitro-reduction and hydration were the primary
metabolic processes affecting GN A in vivo, followed by demethy-
lation or oxidative deamination to alcohol, as well as cysteine,
glycine, glucuronide or sulfate conjugation (Fig. 4). Table 2 shows

protonated GN A and its fragment ions and loss of groups in fragmentation.

ulated mass (Da) Error (mDa) Loss

.0062 +0.5

.0351 +0.2 C5H5NO3S2

.0300 +1.6 C4H5NO2S2

.0566 −1.0 C3H4O2S2

.0021 −2.5 C4H5NO2S

.0457 −0.1 H3NO2S2

.0521 −3.4 C3H2O2S

.0437 +0.1 CH3OS2

.0671 −24.5 OS2

.0620 −0.3 S2
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Table  2
The RT, parent ions, fragment ions, their formula presented by elemental composition, mass error between the calculated and measured ions and loss of groups in
fragmentation.

Compound no. RT (min) Molecular ion m/z (Da) Fragment ion m/z (Da) Formula Error (mDa) Loss Relative peak ratioa

G0 8.25 352.0095 C13H10N3O5S2 +3.3 1
189.0321 C9H5N2O3 +9.9 C4H5NO2S2

218.0616 C10H8N3O3 +5.0 C3H4O2S2

253.0491 C10H11N3O3S −3.0 C3H2O2S
257.0369 C12H7N3O4 −6.8 CH3OS2

288.0639 C13H10N3O5 +1.9 S2

G1 5.99 322.029 C13H13N3O3S2 12.7 6.06
160.0399 C9H8N2O −10.2 C4H5NO2S2

188.0711 C10H10N3O −11.3 C3H3O2S2

227.0867 C12H9N3O2 −10.7 CH4OS2

240.0421 C12H6N3O3 +1.2 CH7S2

258.0861 C13H12N3O3 −1.8 HS2

G2 3.05 308.0092 C12H12N3O3S2 −7.2 2.02
160.0399 C9H8N2O −23.8 C3H4NO2S2

227.0828 C12H9N3O2 +13.3 CH3OS2

244.0928 C12H10N3O3 +12.8 H2S2

G3 6.45 441.0558 C16H17N4O7 S2 +1.9 2.71
121.0284 C3H7NO2S +8.6 C13H10N3O5S
230.0208 C11H8N3OS −13.6 C5H9NO6S
253.0512 C10H11N3O3S −0.9 C6H6NO4S
321.0429 C13H11N3O5S +1.0 C3H6NO2S

G4 5.20  354.0297 C13H12N3O5S2 9.2 9.15
218.0703 C10H3N3O3 +13.7 C3H4O2S2

253.0499 C10H11N3O3S −2.2 C3HO2S
257.0825 C13H11N3O3 +2.5 HO2S2

273.0759 C13H11N3O4 +0.9 HOS2

288.0870 C13H10N3O5 +25.0 H2S2

G5 3.50 340.0233 C12H11N3O5S2 +17.1 13.41
204.0291 C10H6NO2S +17.2 C2H5N2O3S
253.0470 C10H11N3O3S −5.1 C2O2S
258.0436 C12H8N3O4 −7.9 H2OS2

274.0550 C12H8N3O5 −7.0 H3S

G6  4.37 530.0576 C19H20N3O11S2 3.7 2.94
188.9862 C9H5N2O3 −43.8 C10H15NO8S2

218.1030 C10H8N3O3 +46.4 C9H12O8S2

253.0464 C10H11N3O3S −5.7 C10H9O8S
257.0780 C13H11N3O3 −2.0 C2H5N2O3S

G7  6.20 324.0473 C13H15N3O3S2 −0.4 4.18
160.0327 C9H8N2O −31.0 C4H7NO2S2

242.0903 C13H12N3O2 −2.7 H3OS2

244.0729 C12H10N3O3 +0.7 CH5OS2

258.0517 C13H12N3O3 −36.2 H3S2

G8 5.40 325.0381 C13H13N2O4S2 6.4 27.04
116.0171 C4H6NOS +0.1 C9H7NO3S
161.0387 C9H7NO2 −9.0 C4H6NO2S2

220.0378 C10H8N2O2S +7.1 C3H5O2S
243.0761 C13H11N2O3 −0.9 H2O3S2

276.0905 C13H12N2O3S +33.6 HOS

G9 7.55  404.0043 C13H12N2O7S3 −5.6 80.20
116.0486 C4H6NOS +8.5 C9H6NO6S2

161.0353 C9H7NO2 −0.9 C4H5NO5S3

242.0125 C12H8N2O2S −2.7 CH4O5S2

276.0701 C13H12N2O3S −13.1 O4S2

G10 6.55 370.0291 C13H12N3O6S2 12.3 2.27
113.0244 C4H3NO3 +13.1 C9H9N2O3S2

244.0738 C12H10N3O3 +1.6 CH2O3S2

268.0382 C13H6N3O4 +2.4 H6O2S2

273.0767 C13H11N3O4 +1.7 HO2S2

G11 6.20 340.0504 C13H14N3O4S2 +1.2 4.18
113.0246 C4H3NO3 +13.3 C9H11N2OS2

216.0782 C11H10N3O2 +0.9 C2H4O2S2

244.0728 C12H10N3O3 +0.6 CH2NOS2

257.0824 C13H11N3O3 +2.4 H3OS2

G12 2.40 427.0444 C15H15N4O7S2 +6.2 0.83
113.0247 C4H3NO3 +13.4 C11H12N3O4S2

244.0487 C12H10N3O3 −15.7 C13H13N2O4S2

268.0514 C13H6N3O4 +15.6 C2H9NO3S2
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Table 2 (Continued)

Compound no. RT (min) Molecular ion m/z (Da) Fragment ion m/z (Da) Formula Error (mDa) Loss Relative peak ratioa

328.0456 C14H8N4O6 +1.2 CH7OS2

G13 4.50 338.0037 C12H9N3O5S2 13.4 2.89
175.0249 C9H7N2O2 −25.8 C3HNO3S2

189.0039 C9H5N2O3 −26.1 C3H3NO2S2

221.0846 C10H9N2O4 +28.5 C2NOS2

253.0423 C10H9N2O4S +14.0 C2NOS

F
c

a Relative peak ratio were calculated on the basis of BPI chromatogram as follows: (rel

ig. 4. Predicted metabolic pathways of GN A in rat urine. (1) Nitro-reduction; (2) redu
ysteine conjugation; (7) sulfate conjugation; (8) glucuronide conjugation; (9) glycine co
ative peak ratio) = (the peak area of metabolite)/(the peak area of parent, G0).

ction; (3) hydrolysis; (4) demethylation; (5) oxidative deamination to alcohol; (6)
njugation.
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he RT, parent ions, fragment ions, their formula by elemental com-
ositions, the mass error between the calculated and measured ions
nd the loss of groups in the fragmentation for each metabolite as
ell as relative peak ration which could be useful to estimate the
ain metabolites.

.4.1. Parent compound (G0)
The non-metabolized GN A was detected at a RT of 8.25 min

ith [M−H]− ions at m/z  352.0095 in rat urine. The MS2 fragment
ons were investigated at m/z 189.0321 (C9H5N2O3), 218.0616
C10H8N3O3), 253.0491 (C12H7N3O4), 257.0369 (C12H7N3O4) and
88.0639 (C13H10N3O5), the same as those of standard GN A.

.4.2. Metabolites from nitro reduced GN A (G1–G3)
G1 was eluted at an RT of 5.99 min  with the [M−H]− ions at m/z

22.029 (C13H13N3O3S2) and showed a 30 Da mass difference com-
ared to GN A (GN A-O2 + H2). Its fragment ions were investigated
t m/z 160.0399 (C9H8N2O), 188.0711 (C10H10N3O), 227.0867
C12H9N3O2), 240.0421 (C12H6N3O3) and 258.0861 (C13H12N3O3).
he ions at m/z 188.0711, 227.0867 and 258.0861 also displayed a
0 Da mass shift from the MS/MS  ions as compared with the ele-
ental compositions of GN A, which were 218.0616 (C10H8N3O3),

57.0369 (C12H7N3O4) and 288.0639 (C13H10N3O5), respectively.
rom the mass spectrum patterns, G1 is believed to be a nitro-
educed metabolite of GN A. Generally, nitroaromatic compounds
re converted to the corresponding amines by nitroreductase,
hich is called nitro-reduction (NO2 → NH2) [5].  The toxic effects

f nitro-aromatic compounds and aromatic amines have been
ell-established [6]. Reduction of nitrogroups on nitroaromatic

ompounds and oxidation of amine groups on aromatic amines
enerate the same kind of electrophilic reactive intermediates
N-hydroxylamines) although these reactions occur at different
ocations [6].  Some corresponding pairs of nitro-aromatic com-
ounds and aromatic amines show the toxicities at the same
ime. For instance, 1-nitropyrene (1-NP) is metabolized to 1-
minopyrene (1-AP) via nitro-reduction in vivo [7,8]. Both of them
howed the toxicities although they could behave in very different
ays against the organism [9].  Thus, G1, aromatic amine derived

rom GN A by nitroreduction might be a toxic metabolite. However
his speculation remains to be explored.

G2 was detected in the chromatographic peak at 3.05 min
ith the [M−H]− ion at m/z  308.0092 (C12H12N3O3S2), which
as 14 Da lower than that of G1 (G1-CH2). Its MS/MS  fragmen-

ation analysis suggested ions at m/z 160.0399 (C9H8N2O) and
27.0867 (C12H9N3O2), the same as those of G1, as well as 244.0928
C12H10N3O3), with a 14 Da mass difference from the ion at m/z
88.0632 of G1. Accordingly, G2 is believed to be a demethylated
erivative of G1.

G3 was found to be another metabolite related to G1. It was
ound at an RT of 6.45 min  with the deprotonated molecular ion
t m/z  441.0558 (C16H17N4O7 S2). Its MS/MS  spectrum showed
otable product ions at m/z 321.0429 (C13H11N3O5S; loss of cys-
eine conjugate) and 121.0284 (C3H7NO2S; cysteine conjugate),
hich were generated from the cleavage of the S C bond by
igh collision energy. As the SH group of cysteine could easily be
ttached to the amine group linked to aromatic compounds with

 �-bond [10], G3 was determined to be a cysteine S-conjugate to
he aromatic amine of G1.

.4.3. Metabolites from reduced GN A (G4–G6)
G4 was found on the chromatogram with an RT of 5.2 min  and

S spectrum at m/z 354.0332 (C13H12N3O5S2), which was 2 Da

igher than the deprotonated ion of GN A (GN A + H2), indicating
hat G4 is a reduced metabolite. Its MS/MS  fragmentation pattern
resented the main product ions at m/z 218.0612 (C10H8N3O3),
53.0487 (C10H11N3O3S) and 288.0632 (C13H10N3O5), which were
. B 906 (2012) 33– 40 39

the same as that produced by the fragmentation of GN A.
Additionally, ions at m/z 257.0825 (C13H11N3O3) and 273.0759
(C13H11N3O4) were detected, which were produced via loss of
the HO2S2 and HOS2 groups, respectively. GN A has a unique
transannular disulfide bridge, which is essential for biological
effects of epipolythiodioxopiperazines (ETPs) [11]. A lot of stud-
ies have reported that ETPs are secondary metabolites of fungi
with bioactivities including antinematodal, anticancer, antimicro-
bial, and cytotoxicity [12–15].  Gliotoxin is the prototype of EPTs
and has been extensively studied in various ways [16]. Compre-
hensive molecular studies have reported that the disulfide bridge of
gliotoxin is indispensable for its biological activities via at least two
ways: formation of reactive oxygen species (ROS) through redox
cycling between the reduced (dithiol) and oxidized (disulphide)
forms [17] and/or conjugation with susceptible thiol residues of tar-
get proteins [18]. The previous study demonstrated that gliotoxin
is mainly reduced to the dithiol form in animal cells implying that
the reduced metabolite play critical roles in its biological activity
via redox cycling [19]. Additionally, the toxicity of sporidesmin,
another EPT, was reported to be modulated by ROS [20], suggest-
ing that redox cycling is significant mechanism of hazardous effects.
Just as gliotoxin and other EPTs, GN A can be reduced to generate
a dithiol form which might be important for its bioactivities. Thus,
G4 is believed to be a reduced metabolite with a dithiol, an active
functional group.

G5 was  found at an RT of 3.50 min  as a deprotonized ion with
m/z 340.0233 (C12H11N3O5S2), with a14 Da mass shift from G4 (G4-
CH2), suggesting that G5 was generated through the demethylation
of G4. Its product ions were obtained at m/z 204.0291 (C10H6NO2S),
253.0470 (C10H11N3O3S), 258.0436 (C12H8N3O4) and 274.0395
(C12H8N3O5). The ion at m/z 258.0436 was  produced by loss of S2
and H2O, and the ion at m/z 253.0470 was  the same as that of G4. The
ions at m/z 204.0291 and 274.0395 were at a 14 Da mass shift from
those at m/z 218. 0612 and 288.0632 of G4, respectively, confirming
that G5 resulted from the demethylation of G4.

The chromatogram of G6 was  detected at an RT of 4.37 min
with an [M−H]− ion at m/z 530.0576 (C19H20N3O11S2), 176 Da
(C6H8O6) higher than that of G4. The notable product ions were
detected at m/z 113.0238 (C5H5O3) and 175.0253 (C6H7O6) as well
as 253.0464 (C10H11N3O3S) and 257.0780 (C13H11N3O3), which
were the same as those of G4. When O-glucuronide conjugates of
parent compounds are analyzed with electrospray ionization (ESI)
mass spectrometry, MS/MS  spectra presented characteristic frag-
ment ions at m/z 113 and 175 in the negative ionization mode,
derived from the glucuronide moiety of the parent molecules [21].
Therefore, we  propose that G6 is an O-glucuronide conjugate of G4.

3.4.4. Metabolites G7–G9
The deprotonated ions of G7and G8 were recognized at m/z

324.0473 (C13H15N3O3S2) and 325.0381 (C13H13N2O4S2) in the
chromatographic peaks with an RT of 6.20 and 5.4 min, respectively.
A mass difference of 30 Da between the parent ions, G4 and G7 was
observed, and the ion of G7 at m/z 258.0517 (C13H12N3O3) also
presented a 30 Da mass shift from the ion of G4 at m/z  288.0632,
which suggested that the NO2 group of G4 was biotransformed
into an NH2 group through nitro reduction, resulting in G7. Addi-
tionally, G7could be created via the reduction of the sulfide bond
in G1, based on a comparison of the suggested mass values and ele-
mental compositions of G1 and G7 (2 Da shift; H2). G7 was further
converted to G8. The mass difference between G7 and G8 was  0.99,
and some of their product ions presented similar patterns; ions

were found at m/z 160.0327 (G7; C9H8N2O) versus 161.0387 (G8;
C9H7NO2) as well as at 242.0903 (G7; C13H12N3O2) versus 243.0761
(G8; C13H11N2O3). Primary amines linked to aromatic rings are eas-
ily oxidized to deamination products [22,23]. Therefore, the NH2



4 atogr

g
n

m
n
(
t
(
W
t
e
o
m
l

3

2
3
t
m
(
t
m
t
A
t
b
s
f
t
3
[
m
G

3

a
a
(
3
f
f
N
g
d
T
i

4

d
l
a
g

[
[
[

[

[
[
[

[

[
[
[
[
[
[

S.E.  Phillips, M.J. McPherson, P.F. Knowles, Structure 3 (1995) 1171.
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roup in G7 was transformed to an OH group by oxidative deami-
ation to alcohol, deriving the metabolite G8.

G9 was found at an RT of 7.55 min  with the [M−H]− ion at
/z 404.0043 (C13H12N2O7S3). The fragment ions were recog-
ized at m/z 116.0486 (C4H6NOS), 161.0353 (C9H7NO2), 242.0125
C12H8N2O2S) and 276.0701 (C13H12N2O3S), which were similar to
hose of G8. The mass difference between G8 and G9 was  80 Da
SO3), and G8 had a hydroxyl group attached to an aromatic ring.

e believe that G9 is a sulfate conjugate of G8. According to rela-
ive peak ratio of metabolites, G7–G9 might be major metabolites,
specially, sulfate conjugate form G9 (Table 2). As analytical meth-
ds in present study were not optimized for quantification of each
etabolite, further studies are needed to confirm the main metabo-

ites and dominant metabolism pathways.

.4.5. Metabolites related to hydrolyzed GN A (G10–G12)
Metabolites G10–G12 were eluted at RTs of 6.55, 6.20 and

.40 min  with the [M−H]− ions at m/z 370.0291 (C13H12N3O6S2),
41.0504 (C13H14N3O4S2) and 427.0444 (C15H15N4O7S2), respec-
ively. The products in their MS/MS  fragmentation analysis at
/z 113.0244 (C4H3NO3), 244.0738 (C12H10N3O3) and 268.0382

C13H6N3O4) were commonly detected. Their fragmentation pat-
erns were similar compared to each other, but distinct from other

etabolites. The elemental composition analysis suggested that
he parent ion of G10 had additional H2O in comparison with GN
, indicating that G10 is a hydrolyzed molecule of GN A. GN A con-

ains two amide linkages in its structure, which are easily cleaved
y hydrolysis. G10 can be in two different forms, but both had the
ame fragmentation pattern based on MassFragment analysis. A
urther search for a product ion suggested that G11 is a metabolite
ransformed through the nitro reduction of G10, given that G11 is
0 Da lighter than G10. G12 displayed the elemental composition
C13H12N3O6S2 + C2H5NO2 (glycine moiety) H2O], and the 57 Da

ass shift from G10 indicates that G12 is a glycine conjugate of
10.

.4.6. Metabolites related to demethylated GN A (G13)
G13 was observed at an RT of 4.50 min  with the molecular ion

t m/z 338.0037 (C12H9N3O5S2). The fragment ions were found
t m/z 175.0249 (C9H7N2O2), 189.0039 (C9H5N2O3), 221.0846
C10H9N2O4) and 253.0418 (C10H9N2O4S). Its parent ion at m/z
38.0037 and its product ion at 175.0249 showed a 14 Da MS  dif-
erence when compared to the deprotonated ion of GN A and its
ragment ion at m/z 189.0321 (C9H5N2O3), implying that G13 is an
-demethylation metabolite of GN A. Some drugs with the N-CH3
roup at a similar position in their structures are converted to N-
emethylated metabolites by cytochrome p-450 enzymes [24,25].
hus, GN A can lose its methyl group by CYP enzyme activity, result-
ng in G13.

. Conclusions

In present study, the potential metabolites of GN A, a new

rug candidate, were identified using UPLC–QTOP-MS analysis fol-

owed by the elucidation of the metabolite structure with the
ssistance of MetaboLynxTM and MassFragmentTM. After a sin-
le intravenous administration of GN A, the parent molecule and

[

. B 906 (2012) 33– 40

its metabolites were detected in rat urine containing a com-
plicated matrix of compounds. The predicted metabolites were
derived via reduction, nitro-reduction, hydrolysis, demethylation
and deamination to alcohol, as well as glycine, cysteine, sulfate
and glucuronide conjugation. The reduced GN A was  found to be
a molecule with a dithiol group, which was  then further demethy-
lated, reduced at the aromatic nitro group or conjugated with
glucuronide. The nitro reduced metabolite is believed to be an aro-
matic amine corresponding to GN A, which was  biotransformed
through demethylation, reduction and conjugation with cysteine.
The metabolite with the dithiol and aromatic amine group was
further metabolized by deamination to alcohol, followed by sulfur
conjugation. The molecule resulting from hydrolysis was converted
into a nitro-reduced metabolite or glycine conjugate. Reduced GN
A and the nitro-reduced metabolite may  present pharmacological
or toxicological activities, which is valuable information in terms
of further drug development for GN A. In addition, this work has
shown that the UPLC–QTOP-MS analysis coupled with an efficient
data processing program is useful for the rapid and reliable char-
acterization of GN A metabolites in vivo.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.jchromb.2012.08.015.
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